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1. Introduction 
 
1.1. Electrochemistry in materials science 
Electrochemistry is a branch of physical chemistry that deals with chemical properties and 
reactions in the presence of electric fields and currents. This includes properties of charged 
species and systems containing charged species (Ionics, e.g. activity coefficients and ionic 
conductivity of electrolyte solutions), and reactions at interfaces involving charge transfer 
through a potential gradient (Electrodics, e.g. reduction of metal ions to solid metal or of Fe3+ 
to Fe2+). Electrochemistry is of utmost importance in industrial production and processing of 
all kinds of products like aluminum foil, household cleaners, electronics, bikes, cars, etc., in 
production and storage of energy (fuel cells, batteries), but also in many degradation 
processes. Additionally, it is the basis for many physiological processes occurring in 
biological organisms including the human one. There are three different areas where 
electrochemistry and materials science meet:  
 Materials for a variety of applications can be synthesized or modified by 
electrochemical methods. Metals and alloys and coatings thereof are prepared by 
electroplating [1]. The experimental conditions allow adjusting the microstructure of 
the deposits in a wide range, from smooth deposits with large grains to powdery 
deposits and nanomaterials. Metal/ceramic composites are made by electrodeposition 
in the presence of ceramic particles dispersed in the electrolyte. Conducting polymers 
can be electrodeposited, and their conductivity and state of charge are adjusted 
electrochemically. Oxide films and especially porous oxide films are grown by 
electrochemical oxidation. Porous films can be filled with other materials as done for a 
long time on Al panels in order to seal them or to dye them. In addition ordered pore 
arrays can be used as templates to electrochemically grow nanowire arrays, for 
instance Ni arrays [2-4]. Electrodissolution is employed as well for modification of 
materials and work pieces: Surfaces can be electropolished, and three-dimensional 
structures can be created from work pieces by electrochemical machining. 
 Materials in service can degrade by electrochemical mechanisms. The major 
electrochemical degradation pathway is corrosion of metals and alloys. 
 Materials can be synthesized and optimized for use in electrochemical devices. This 
includes electrolytes and electrodes for fuel cells and batteries, for industrial 
electrochemical applications, and for electrochemical sensors. 
 
Electrochemical processes can be quite complex even in the case of well-defined, single 
crystalline metal electrodes without oxide layer in an aqueous electrolyte [5-8]. The rate of 
electrochemical reactions (for a single electrode reaction proportional to the electric current) 
is controlled by charge transfer reactions through the electrochemical double layer, by the 
mass transport of reactants to and products away from the electrode and thus concentration 
gradients at the electrode surface, by adsorption processes at the electrode surface, by 
nucleation processes in the case of electrochemical phase formation and by coupled chemical 
reactions. Mass transport can take place by diffusion, convection and migration. The latter 
contribution often is suppressed in electrochemical experiments by addition of supporting 
electrolyte that increases the electrolyte conductivity and therefore decreases potential 
gradients in solution. A second effect of supporting electrolyte is an increase in ionic strength 
and therefore a compression of the width of the diffuse part of the electrochemical double 
layer. Absence of a diffuse double layer facilitates mathematical treatment of charge transfer 
processes. The overall control variable in many electrochemical experiments is the electrode 
potential, measured with respect to a reference electrode. For a given redox couple (like 
[Fe(CN)6]3-/[Fe(CN)6]4-, Cu2+/[CuCl2]- or Cu/Cu2+) the Nernst equation describes the 
concentration (activity) dependence of the electrode potential at electrochemical equilibrium:  
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E0 is the standard electrode potential. Electrochemical equilibrium is a dynamic equilibrium, 
i.e. both cathodic (reduction) and anodic (oxidation) partial reactions are taking place, but at 
the same rate. Therefore they cancel each other out, and the total current in electrochemical 
equilibrium is 0. At potentials different from the equilibrium potential, anodic and cathodic 
reaction rates are different, and a net current flows. If only transfer of the electric charge 
across the electrochemical double layer determines the reaction rates (activation controlled 
current), the current-potential relationship is given by the Butler-Volmer equation: 
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In this equation j0 is the exchange current density that is a measure of the reaction rates of 
anodic and cathodic partial reactions at equilibrium, and α is the so-called transfer coefficient 
or barrier symmetry factor. cred and cox are the concentrations of reduced and oxidized species 
at the electrode surface, whereas c0red and c0ox are the corresponding bulk concentrations. ηD is 
the activation overpotential (ηD = E(i)-E(i=0)). 
 
A typical starting point in order to explore an electrochemical system is cyclic voltammetry 
(CV) or linear sweep voltammetry (LSV). In LSV the potential is ramped linearly at a 
constant rate of potential change (sweep rate or scan rate v) from a starting value, where no 
electrochemical reactions take place (e.g. from potentials above the Nernst potential for metal 
electrodeposition), to a final value in the electrochemically active region (e.g. at potentials 
sufficiently negative of the equilibrium potential), and the current is measured as a function of 
potential. Even in the simple case of a non-stirred, ideally quiescent solution with fast 
heterogeneous electron transfer kinetics, and pure diffusion control of the electrochemical 
reaction rate, a closed analytical equation for the current-potential relationship cannot be 
given. However, the problem has been solved numerically: The current increases with change 
in potential, and therefore an increasing amount of the electroactive species is consumed close 
to the electrode. This finally leads to a depletion of reactant close to the electrode and lower 
concentration gradients at the surface, and currents consequently decrease. A plot of current 
version potential therefore shows a pronounced maximum. The region over which the reactant 
concentration changes from the surface concentration (thermodynamically controlled at low 
overpotentials, zero at large overpotentials) to the bulk value is called the Nernst diffusion 
layer. In unstirred solutions the thickness of this diffusion layer increases with time. The 
maximum current (positive for oxidation and negative for reduction processes) increases with 
v0.5, and the diffusion coefficient of the electroactive species in solution can be determined 
from a plot of imax versus v0.5. In the case of multi-step reactions, adsorption processes, phase 
formation on the electrode, the occurrence of several electrode reactions and coupled 
chemical reactions the situation becomes more complicated. In real experiments after some 
tens of seconds density changes close to the electrode induce natural convection, enhancing 
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mass transport and imposing an upper limit to the diffusion boundary layer thickness 
(typically ~100 µm). Whenever mass transport is influencing the rate of an electrochemical 
reaction, hydrodynamics in the electrolyte plays a crucial role. An elegant way to control the 
hydrodynamics in an electrochemical experiment is the rotating disc electrode. The rotation 
rate induces a laminar electrolyte flow towards the electrode. Close to the electrode the 
electrolyte flows turns radially outward. Therefore a thin electrolyte layer in front of the 
electrode can be considered as unstirred and mass transport through this layer occurs solely by 
diffusion. The thickness of the Nernstian diffusion layer is now a function of rotation rate 
instead of time. Therefore current increases with increasing overpotential to a maximum value 
and becomes constant. This potential-independent current - the so-called diffusion limited 
current - scales with the square root of the rotation rate. The mathematical treatment of these 
simple cases and also of some of the more complex situations including charge transfer 
reactions, adsorption processes and coupled chemical reactions have been treated in detail in 
the literature and in electrochemical textbooks. Especially in the excellent textbook by Bard 
and Faulkner the mathematics of LSV and CV, but also of many other electrochemical 
techniques is treated in detail [5]. An extensive treatment of the physical chemistry of both 
electrolyte solutions and electrode reactions can be found in the books by Bockris, Reddy, and 
Gamboa-Aldeco [6-8]. 
 
 
Figure 1. Typical shapes of linear sweep voltammograms under silent conditions (left) and using 
a rotating disc electrode (RDE) at 3000 rpm (right). The example shown is the reduction of Cu2+ in 
a 0.01 M CuCl2 + 0.5 M NaCl solution with pH adjusted to 1. A simplified (linearized) representation 
of the corresponding concentration gradients for Cu2+ is given below the voltammograms. A schematic 
of the RDE including resulting streamlines is shown in the center. The lower figure in the center 
shows the result of a numerical simulation of the LSV under silent conditions together with c(Cu2+) 
computed at the electrode surface. 
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In the normal laboratory practice and especially in industrial applications polycrystalline 
electrodes are used. These are composed of grains with different surface orientations, and 
grain boundaries. However studies with single crystals have shown that exchange current 
densities and adsorption processes depend on surface orientation and electron density at the 
surface as well as on surface defects [9]. The same is true for the properties and 
electrochemical growth of oxide layers. Electrochemical measurements at polycrystalline 
surfaces even of very pure materials therefore provide information averaged across the 
surface. Less pure metals have surfaces where the chemical composition is not the same 
everywhere. Less noble metals often show (ill-defined) oxide layers at the surface, and have 
to be pre-treated before use as an electrode in electrochemical experiments. A typical example 
is surface finishing of less noble work pieces by electroplating for corrosion protection, 
enhancement of mechanical properties, and modification of friction or improvement of optical 
appearance [10]. Such work pieces have to be pretreated by degreasing and e.g. acid pickling 
before the actual electrochemical processes can be applied. Electrochemical phase formation 
and growth on real three-dimensional specimens is influenced also by the current distribution 
(primary / secondary distribution) that can lead to pronounced edge effects and differences in 
the thickness of electroplated coatings. A measure for the expected coating thickness 
distribution for irregularly shaped substrates is the throwing power. The electroplating 
processes depend also on the roughness of the surface: Sometimes the amount of material 
deposited is less in recessed (lower) regions, and special additives need to be added into the 
electrolyte bath to achieve even deposition without alteration of surface roughness and 
geometry. Other additives will influence the grain size (grain refiners), will flatten the grains 
and brighten the deposit or will level the deposit (decreasing surface roughness). Whenever a 
surface is altered during an electrochemical process, electrochemical reaction rates will be 
altered as well, or the driving force required for keeping the reaction rate and thus the current 
constant will be altered. 
 
Another field where spatial heterogeneities of the substrate surface are of great importance is 
corrosion. Corrosion of metals and alloys used in machines, buildings, and transportation 
often starts at local sites, and causes local material changes. In addition also the timescale is 
of great importance, as will be shown in the next section. 
 
These few examples already demonstrate that a complete mechanistic understanding of 
electrochemical processes in general and especially in the field of materials science requires 
methods with temporal and/or spatial resolution to be applied, and requires information 
additional to purely electrical data (current / potential / time). In this work the application of 
some of these methods will be reviewed. The review is broadly divided into two subjects: On 
the one hand the focus in on the complex spatial and temporal interactions between different 
intermetallic phases in heterogeneous aluminum alloys and the resulting corrosion behaviour 
both of the bare alloy and of alloys protected by polymer coatings. On the other hand 
electrochemical reactions, especially electrodeposition experiments, in the presence of 
ultrasound will be discussed. This unique combination known as sonoelectrochemistry uses 
ultrasound as an additional way to introduce energy into the system, and takes advantage of 
the extraordinary effects on mass transfer and surface processes introduced by acoustic 
cavitation. In the remainder of Section 1 some general remarks about corrosion and corrosion 
of heterogeneous Al alloys will be made, including findings on blister formation of epoxy-
coated Al alloys, and some fundamentals of sonoelectrochemistry will be reviewed. In 
Section 2 the focus will be on different electrochemical approaches including the use of well-
defined synthetic model alloys in order to mimic the behaviour of the real commercial Al 
alloys, the application of microelectrodes and of microcapillaries in corrosion science, and the 
application of the electrochemical quartz crystal microbalance to corrosion studies, 
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sonoelectrochemical reactions and conducting polymers. Section 3 reviews some microscopy 
and mapping techniques in electrochemistry with a clear focus on the Confocal Laser 
Scanning Microscopy technique (CLSM). The specific examples given are mainly taken from 
the author’s own work, however, important findings from other authors are also summarized. 
This review does not cover solid state electrochemistry and electrochemistry involving 
semiconductors, nor the important materials aspects in batteries and fuel cells. 
 
1.2. General remarks on corrosion 
Corrosion is defined as reaction of a material with the environment that causes a detectable 
change of the material and can lead to deterioration of the function of a component or the 
entire system [11, 12]. This is a comprehensive definition for all types of materials classes, 
and does not necessarily require electrochemical mechanisms. Corrosion of metals and alloys 
however is usually electrochemical in nature. The specific aspect of corrosion is that different 
anodic and cathodic reactions are taking place at the same time at the same metal or alloy (= 
electrode) surface (both of which are composed by anodic and cathodic partial reactions). The 
anodic reaction typically is metal dissolution and the cathodic reaction oxygen reduction 
reaction (ORR) or hydrogen evolution reaction (HER). Under free corrosion conditions (no 
potential control by an external circuit, no net current flowing to an auxiliary electrode) 
electrons consumed by the cathodic reactions are provided by the metal dissolution, and the 
electrode assumes a mixed potential which is above the equilibrium potential for the metal 
dissolution and below the one for ORR (HER), and controlled by the heterogeneous kinetics 
of both processes: The potential will assume exactly that value were the current for metal 
dissolution equals the (absolute) one for ORR (HER). This so-called corrosion potential Ecorr 
therefore is no equilibrium potential, and the specimen is not at equilibrium either. If Ecorr is 
constant and the corrosion rate also does not change, the system at least is steady-state. 
Current-potential curves are similar to the behavior seen for simple equilibrium systems, and 
for the case of pure charge transfer control for both reactions an equation similar to the 
Butler-Volmer equation can be written: 
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This equation is known as the Stern-Geary equation. The major difference is that whereas j0 in 
the Butler-Volmer equation at equilibrium causes no detectable chemical changes in the 
system, jcorr is directly proportional to the rate of metal loss at Ecorr. In addition αMe and αred 
are different. In the vicinity of Ecorr the equation can be linearized, and from the slope of the 
potential-current curve the corrosion resistance Rcorr can be determined. Calculation of 
corrosion current and thus corrosion rate however requires knowledge of αMe and αred that can 
be obtained from log j-E plots at potentials significantly above (for αMe) and below (for αred) 
Ecorr. The validity of the Stern-Geary equation can be limited if the system is non-stationary 
(e.g. if pH or oxygen concentration change, or the surface composition of the alloy is altered 
during corrosion), or if passivation or precipitation reactions occur. It is also not generally 
valid for some local corrosion processes. 
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Corrosion can be taking place more or less homogeneously across the surfaces with anodic 
and cathodic reactions taking place at random sites and fluctuating in a statistical manner 
(Wagner-Traud model) [8]. This is especially the case for very pure metals and under 
conditions where oxide layers are unstable. Because metal loss takes places homogeneously 
across the surface one also speaks of general corrosion. In the presence of oxide layers or 
protective organic coatings, laterally heterogeneous surface composition and local gradients in 
electrolyte composition and oxygen content corrosion can become localized. Typical forms of 
localized corrosion are pitting corrosion, crevice corrosion, galvanic corrosion, and filiform 
corrosion and blister formation in the case of underfilm corrosion. Pitting corrosion often is 
studied by linear polarization of the specimen at slow scan rates towards potentials >> Ecorr, 
until breakdown of the passive layer occurs and one or several stable pits are formed. The so-
called pitting potential Epit is a pit stabilization potential. Some important aspects of pitting 
corrosion have been reviewed by Frankel [13]. Stable pits show low pH, high metal and 
chloride concentrations. The anodic dissolution of the metal takes place at the bottom of the 
pit, whereas the cathodic reaction takes place on the outer metal (alloy) surface. If the pit is 
very small full contact to the electrolyte (collapse of an oxide cover) can increase pH and 
lower chloride content, so that repassivation is possible. Such pits are called metastable. If a 
pit is deep enough diffusion is no longer fast enough to lower concentrations sufficiently, and 
the pit continues to grow. The processes leading to the onset of metastable and stable pitting 
are often studied by potentiostatic transients. Pit nucleation events and metastable pitting take 
place at potentials significantly lower than Epit. The currents of single events often are very 
small, so that they are difficult to detect. This will be discussed later in the section on 
microelectrochemistry. Pitting corrosion often is induced by impurities like inclusions, and 
therefore depends on the number density and size distribution of such impurities. Crevice 
corrosion is caused by differential aeration. In regions of a specimen with restricted access of 
fresh electrolyte and oxygen like in lap joints of aircrafts, underneath rivets, in contact zones 
of artificial joints (hip implants), in any kind of fissure or simply underneath a sealing O-ring 
oxygen can be rapidly used up, and the surface oxide film be reduced, leading to 
depassivation. A local galvanic cell is set-up with oxygen being reduced on the outer metal 
surface and corrosion taking place within the crevice. Also the ohmic potential drop within 
the crevice has been shown to play a role. Crevice corrosion often is a problem when O-rings 
seals are used when attaching a specimen to an electrochemical cell for corrosion studies. 
Galvanic corrosion and underfilm corrosion are discussed in Section 1.3. Recently also 
microbiologically influenced corrosion has moved into the focus of research. Here the 
corrosion processes are influenced by the metabolism of bacteria, algae and other organisms. 
 
1.3. Corrosion behavior of heterogeneous aluminum alloys 
Despite the increasing significance of composite materials in aircraft industry aluminum 
alloys still remain a major material for aircraft construction. Even the new Airbus A380 still 
contains approximately 60 wt% Al [14-16]. For a long time a standard material for aircraft 
fuselage was AA2024-T3. The designation of this alloy is based on the ANSI standard H35.1 
[17]. Nowadays also other alloys like AA6013 (AlMgSiCu), AlMgLi (1424), AlMgSc, and 
the Al-alloy-based composite Glare are of importance [14, 15, 18-21]. In the designation 
AAabcd, “a” defines the major alloying element aside Al (cmp. Table 1), “cd” identifies a 
specific alloy or defines impurity levels, and “b” indicates a modification of the alloy with 
respect to “cd” of the original alloy. The composition of AA2024 alloy is given in Table 2. 
 
The alloy designation is completed by the temper descriptor that defines how the material was 
post-treated. Post-treatment is necessary in order to adjust the microstructure and therefore 
mechanical and thermal properties. In case of aluminum alloys it leads to the precipitation of 
intermetallic compound phases (IMC) serving as strengthening particles. In AA2024-T3 “T3” 
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refers to solution heat treatment followed by cold work and natural ageing. Typically the 
material is cold-rolled, leading to flat elongated grains (Figure 3a). 
 
The strengthening particles embedded in the Al-Cu solid solution matrix of AA2024 
constitute ~4% of the alloy surface [22]. Up to 300000 constituent particles / cm2 alloy area 
with a diameter larger than 1 µm have been reported [23]. The IMC particles are comprised of 
many large second phase particles (up to several tens of µm), needle-shaped hardening 
precipitates (Al2CuMg) in grain and grain boundaries, and Al-Cu-Mn dispersoids [24]. The 
particles show also compositional variation. A typical size distribution of IMC particles on 
AA2024 obtained from CLSM image analysis is shown in Figure 2. 
 
Table 1. Major alloying elements in aluminum alloys and corresponding number a in 
designation abcd of wrought aluminum alloys. 
a Element a Element 
1 >99% Al 5 Mg 
2 Cu 6 Mg+Si 
3 Mn 7 Zn 
4 Si 8 Sonst. 
 
Table 2. Composition of two aluminum alloys [17]. Numbers are in wt% and define upper limits, 
except for Al, where it is a minimum amount and when a range is given. 
Alloy Si Fe Cu Mn Mg Cr Zn Ti Other 
each 
Other 
total 
Al 
1100 0.95 sum 0.05-
0.20 
0.05 - - 0.10 - 0.05 0.15 99.00
2024 0.50 0.50 3.8-
4.9 
0.30-
0.9 
1.2-
1.8 
0.1 0.25 0.15 0.05 0.15 Diff. 
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Figure 2. Typical size distribution of intermetallic particles with a diameter of > 1 µm on 
AA2024-T3. 
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The corrosion behavior of a heterogeneous precipitation hardened Al alloy like AA2024-T3 is 
controlled by the presence of these intermetallic compound phases (IMC) differing in their 
electrochemical behavior from the surrounding Al-matrix, thus causing galvanic coupling and 
inducing localized corrosion processes [23, 25-28]. These can be connected to local pH 
changes influencing the further corrosion propagation [26, 27, 29, 30]. Corrosion processes 
seen on such alloys comprise etching of the matrix, pitting of particles and the matrix, 
selective dissolution and dealloying of some IMC, whereas others show no sign of corrosion 
at all, and the formation of trenches or grooves at the interface between particles and matrix 
[22-24, 26-29, 31-35]. The cathodes in these local galvanic cells are often Cu- and Fe-
containing intermetallics or replated Cu, with the anodes being either Al-Cu-Mg particles or 
the alloy matrix [22, 23, 25-28, 36-38]. In AA2024-T3, pit initiation sites include Al-Cu-Mg 
particles [22-24, 26, 38], the periphery of Cu-enriched Al-Cu-Mg particles that have been 
dealloyed of Al and Mg [22], and the matrix adjacent to Al-Cu and Al-Cu-Fe-Mn particles 
[22, 23, 27, 28, 38]. Of these intermetallics, the Al-Cu-Mg type is the most active. It is anodic 
to the Al alloy-matrix and generally de-alloys leaving a fine Cu-sponge as a result of the 
selective removal of both Al and Mg. Thus, with time it becomes cathodic to the matrix [22-
24, 29, 39]. In some cases a more noble character of the Al-Cu-Mg phase was reported, 
according to measurements with the Kelvinprobe (cmp. Section 3.4.3), that was due to the 
presence of a surface film [28, 40]. Scratching with an AFM tip then revealed the true, anodic 
nature of these particles. Under certain conditions, some authors have observed rings of 
redeposited Cu around these Al-Cu-Mg precipitates [41]. Replated Cu has been shown to 
contribute significantly to the overall oxygen reduction reaction on AA2024-T3 [29]. As 
much as 60% of the intermetallics on the surface of an AA 2024-T3 sample are of the Al-Cu-
Mg type [22, 42]. The Al-Cu and Al-Cu-Mn-Fe types of intermetallic compounds are noble 
relative to the Al-matrix and therefore serve as cathodic sites [43]. As a result, any Cu2+ ions 
dissolved in solution can be reduced readily on these particles [23]. The generation of OH- 
ions at these particles due to the reduction of oxygen is believed to contribute to alkaline 
attack of the Al adjacent to these particles, resulting in an attack morphology known as 
trenching which often forms a perimeter around the particle [23, 27-29, 34, 35, 38, 44-48]. 
This process is discussed in detail in Section 3.2.2. In addition, pitting can occur in the matrix 
in halide-containing solutions [43]. 
 
The formation of trenches at the interface between the matrix of AA2024-T3 and intermetallic 
particles has been extensively discussed in the literature [23, 27-29, 34, 35, 38, 39, 44-48]. 
However, the actual mechanism behind this form of corrosion is not clear. It resembles the 
corrosion morphology observed on Al-Cu alloys containing Cu-rich particles under cathodic 
polarization [45]. This observation led to the development of the cathodic model. This model 
relates a local increase in pH to the products associated with the oxygen reduction reaction at 
the cathodic Al-Cu and Al-Cu-Mn-Fe particles. Subsequent destabilization of the oxide film 
at the interface between the particles and the alloy matrix occurs due to OH- accumulation and 
higher oxide solubility at elevated pH. Thus, increased dissolution at the interface occurs and 
appears as trenching due to the strong pH gradient near the particle. 
 
Nisancioglu et al. originally introduced the idea of cathodic trenching [29, 47]. Park et al. 
showed both theoretically and experimentally that the pH on isolated cathodic intermetallics 
(Al3Fe) can be high enough to promote matrix dissolution in Al6061 [34]. Moreover, they 
showed that the addition of buffering capacity to a solution prevented formation of grooves 
around these particles, and tried to explain how the alkaline-induced corrosion could later lead 
to an acidic pit [34]. Vukmirovic measured pH values of close to 10 next to Al-Cu-Mg 
particles on AA2024 exposed to 0.1 M NaCl (bulk pH 5.3) [29]. This observation is in 
conflict with others that indicate the inability of Al-Cu-Mg particles to support cathodic 
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reactions at high rates [48] especially prior to dealloying and the formation of a Cu-rich 
surface. Alodan and Smyrl simulated the pH close to a single IMC particle for different bulk 
pH solutions by computational means [37]. They assumed an oxygen reduction current of 0.1 
mA cm-2 and accounted for the aluminum hydrolysis reaction due to localized corrosion in the 
matrix adjacent to the IMC/matrix boundary. Their results show that no local alkalinization 
occurs with a bulk pH of 4, whereas in neutral bulk solution local alkalinization occurs. Based 
on these results, Büchler et al. concluded that the total cathodic current is larger than the 
anodic current at sites where trenching occurs (i.e., trenches occur at IMC particles that are 
net cathodes) [44]. Therefore, it could be proposed that under alkaline and near-neutral 
conditions, the pH above IMC could become sufficiently alkaline via galvanic coupling 
between matrix and IMC, which are net cathodes, to initiate alkaline-induced trenching 
corrosion. This speculation was supported by pH measurements showing a local pH increase 
at IMC sites [29, 34]. 
 
a)
 
b) 
 
c) 
 
 
Figure 3. Aluminum Alloy 2024-T3: a) Grain structure of the alloy after mechanical polishing and 
etching with Kellers reagent in planes parallel to the surface and normal to the surface in rolling 
direction and normal to the rolling direction. b) Confocal laser scanning microscopy image of a 
polished alloy section (130 x 130 µm frame): grey particles are intermetallic phases. c) Confocal laser 
scanning microscopy image after 100 min of exposure to 0.5 M NaCl.  
 
Trench formation was also observed in artificial model alloys [29, 49] where certain other 
microstructural complexities cannot exist (e.g., dealloyed Al-Cu-Mg-phase that supports 
enhanced local ORR or Cu-depletion in adjacent matrix that might support increased rates of 
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anodic processes). Recently, Missert et al. used model Al-Cu alloys to study pit initiation and 
local alkalinization next to Cu-islands on pure Al in an effort to mimic the role of the IMC 
under controlled geometric conditions [49]. They showed that the actual pit initiation and 
breakdown at selected Cu islands occurred before the pH increased [49]. In fact, although a 
pH increase was observed at some Cu islands, a pH decrease was seen at the Cu island acting 
as a dominant net cathode [50]. This result suggests that trench formation at the site of the 
IMC is caused by acid pitting, for which the probability might be higher close to a cathode 
due to a shorter ionic current path. It also has been observed that trenches form around Al-Cu-
Mg particles, once they are converted to cathodic particles by the removal of Mg through de-
alloying [22, 24, 29]. 
 
Mechanistic understanding and modeling of these corrosion processes is hampered by the 
complex nature of the materials, especially with respect to the intermetallic phases present 
[30, 31, 49, 51]. Those show a large variation in size, covering a range from 10 nm up to 20 
µm or more, different compositions, the formation of clusters in some areas whereas other 
areas are virtually particle-free, are connected to local depletion of alloying elements in the Al 
matrix and are statistically distributed across the surface [22-24, 26-28, 52]. Al-Cu-Mg 
intermetallic particles are often spherical whereas Al-Cu and especially Al-Cu-Mn-Fe 
intermetallics have blocky angular features [32]. Some large Al-Cu-Mg particles show 
deviations from the spherical geometry. Al-Cu-Mg particles were observed that had three 
almost linear sides forming angles of ca. 120 degrees [32]. Clustering of distinct Al-Cu and 
Al-Cu-Mn-Fe particles is often observed [32]. 
 
Metals in service are often protected by organic coatings. Upon exposure to electrolytes or 
humid atmospheres, organic coatings often fail locally. Such failure leads to the loss of 
protection of the substrate, the formation of blisters and underfilm corrosion. There are 
different types of underfilm corrosion, including filiform corrosion and blister formation, and 
different mechanisms are proposed to explain how these defects form and grow. A number of 
reviews on the subject is available [53-58]. Cathodic delamination, anodic undermining, 
osmotic blistering, corrosion product wedging and other mechanisms were identified in the 
early literature [56, 57]. A more detailed understanding of the mechanisms involved 
developed recently, when methods became available that allow characterization of the 
processes at the interface metal/coating on a local scale. These methods include 
electrochemical techniques [59-72], quantitative topographic techniques [73-76], and 
chemical techniques for analysis of solutions [67, 77, 78] and surfaces [57, 62, 79, 80]. 
 
Blister formation and filiform corrosion are important modes of coating failure on aluminum 
alloys like AA2024-T3 [67, 68, 72, 79, 81-85]. Filiform corrosion occurs in humid air in the 
presence of chloride, whereas blister formation dominates in full immersion [86]. The 
formation and growth of blisters in the coating can be due to several mechanisms [53, 56, 57, 
70, 87-89].  
 
Typical paint film formulations are based on epoxies and polyurethanes. These coatings are 
quite permeable to oxygen and water [53, 84, 90-92]. Generally it is assumed that a good 
barrier coating is characterized by a low permeability for corrosive ions and thus a large 
resistance to ionic currents [54, 90, 91, 93]. However, other effects can contribute to the 
corrosion protection as well. Most organic coatings acquire a negative surface charge upon 
immersion, which may introduce a preferential permeability for anions or cations (depending 
on whether the transport is taking place along some defects in the coating or through the bulk 
of the coating) [54]. Some authors point to the mechanical properties of the coating and rather 
connect those with good barrier properties of a polymer film [94], and also to adhesion [90]. 
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Finally it has been found that the chemical reactivity at the polymer/substrate interface is 
extremely low. At this interface, an extended diffuse double layer forms which imposes a 
strong kinetic limitation on all electrochemical reactions [58, 61]. 
 
Different microscopic areas on the same coating can show a very different ionic resistance 
[53, 54, 93, 95]. The resistance of areas with high crosslinking density decreases with 
increasing resistance of the immersion solution (indirect-type conduction, I areas). Other areas 
have a low crosslinking density, low molecular weight, are formed by partially polymerised 
molecules and therefore more polar. They have diameters between 75 and 250 µm, and can 
absorb large amounts of water (45-75%) [53, 54]. The lower the resistance of the solution is, 
the lower the resistance of these areas (direct-type conduction, D-areas). Ions can mainly 
penetrate through D type areas [53, 95], and through defects in the coating like pores, cracks 
and crevices [53]. 
 
The first step leading to underfilm corrosion and coating failure is water uptake. Water uptake 
can be measured by gravimetric methods [93, 96]. The most common method however is 
based on the impedance response, from which one can determine the coating capacitance [84, 
97, 98]. Since the dielectric constant of water is much larger than the one of the coating (εr ~ 5 
[95, 99]), one can calculate the water content from the increase of the capacitance with time 
[84, 96, 97]. In addition to water uptake rate one also can obtain information on water 
diffusion coefficient and solubility in the polymer [84, 100]. Water uptake is not taking place 
homogeneously across the polymer [84]. Water diffusion first proceeds along boundaries of 
polymer structure units before penetration of the actual structure occurs [53]. Water molecules 
are first incorporated into pores and interstitial sites [84, 101]. When these sites are full, the 
mechanism must change [84, 101]. Swelling of the polymer can occur, allowing uptake of 
water into spaces which were too small initially [84, 93, 95]. Water can be present in 
molecularly dispersed form or in the form of clusters [95]. The incorporation of water in a 
later stage can damage the polymer network structure [53, 95, 102]. The mechanical 
properties of a coating strongly change during water uptake [94, 102]: After curing they are 
under tensile stress, which often changes to a compressive stress after water uptake. 
 
Corrosion on coated metals is assumed to start even for monolayer coatings at coating defects 
[53, 103-105], like scratches, I-areas, pores, or cracks, or defects formed with time during 
immersion [53, 54, 57, 92, 95, 101, 104, 105], like ion conducting channels [53, 57, 102, 
103]. Once corrosive ions reach the metal surface, corrosion can start, if the substrate is 
depassivated and cathodic reactions can take place. The further processes depend on many 
factors. 
 
If there is a macroscopic defect like a scratch, and the substrate surface allows electron 
transfer reactions (ETR), cathodic delamination will take place [53, 54, 57, 58, 60-62, 70, 71, 
95, 102, 104, 106]. The defect and the passive surface underneath the coating galvanically 
couple [60, 62, 70, 107, 108], causing oxygen to be reduced underneath the coating. For sake 
of charge neutrality, cations migrate along the metal/coating interface from the defect to the 
cathodic reduction site, driven by the potential gradient [53, 54, 57, 60-62, 102]. Anions other 
than hydroxide cannot be found far away from the defect [60, 62]. The exact delamination 
mechanism still is under debate. Most studies see the high pH developing at the delamination 
front as the culprit, attacking the bonds between polymer and substrate, leading to cohesive 
failure within the polymer, or attacking the passive oxide surface [53, 54, 93, 102]. Newer 
studies emphasize the role of highly reactive radical intermediates during oxgen reduction 
reaction damaging the coating [60, 73]. Other approaches included aqueous displacement and 
the role of interfacial water [109]. Another type of cathodic delamination is the formation of 
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cathodic blisters (high pH, no corrosion) [53, 94, 98, 102, 104, 110], that are believed to form 
at a defect site of the coating, where cations can enter through the coating [54, 94]. 
 
For a microscopic defect similar considerations apply [53]. However, now a solution filled 
blister with an anodic center forms. Blister formation on steel involves the formation of 
conductive channels through the coating [53]. These channels serve as a coating defect, 
through which chloride ions can reach the metal surface and initiate corrosion. The formation 
of the conductive channels (due to small inhomogeneities in composition or the presence of 
intrinsic defects) and the depassivation of the surface at the coating defect site due to the 
chloride (which will depend on the surface chemistry of the substrate) are statistical in nature. 
Therefore corrosion initiation is localized. The cathodic reaction can take place at the metal 
surface underneath the coating surrounding the blister, causing cathodic delamination [56, 57, 
60, 70]. In comparison to the situation for the macroscopic defect other effects can contribute. 
Delamination can be driven by osmotic water-uptake [53, 54, 86, 87, 102]. In addition the 
compressive stress of the coating itself can drive the coating delamination once the bonds 
between polymer and substrate become weak enough [94, 102]. A model connecting the 
mechanical properties of the polymer and the delamination rate has been given in literature 
[102]. During blister growth anodic and cathodic regions can change [87, 111, 112]. The 
formation of corrosion product on iron or steel can lead to pore clogging, the original anodic 
site can turn into a cathode, and new anodes form close to it [105, 111, 113]. 
 
The blister formation in Al and Al alloys like AA2024-T3 is more complicated than in steel 
due to the more complex microstructure and the blockage of ETR reactions by the  aluminum 
passive film. Of particular importance is the slowing of the oxygen reduction reaction (ORR) 
[25, 35, 56-58, 114-116]. Most of the cathodic reactions on AA2024-T3 take place on the 
cathodic IMC, which do support electron transfer reactions [25, 35, 114, 115, 117, 118]. 
Cathodic reactions taking place on the cathodic IMC still would be insufficient to drive 
cathodic delamination if the spacing between the IMC was larger than the width of the 
delamination zone [58]. Therefore an anode/cathode separation like on iron and steel does not 
occur as easily, and cathodic delamination is not considered as a viable mechanism [56-58, 
89]. A different mechanism compared to steel therefore should control blister growth, like 
(osmotic) pressure driven blister growth, anodic undermining or corrosion product wedging 
[56, 58, 86, 89]. For intact coatings though it was claimed that cathodic delamination always 
was the operating mechanism [89]. 
 
The phenomenology of blister formation and growth on coated AA2024-T3 exposed to 
aqueous NaCl solutions has been subject of several publications [67, 68, 72, 76, 85, 119]. 
Three types of blisters were observed. Red blisters showed active corrosion, had an acidic pH 
within them and low open circuit potentials (OCP). In near-neutral immersion solutions, 
usually only one or two red blisters formed, the formation of which correlated to a strong drop 
in the OCP. Black blisters (much more seldom) appeared to be repassivated red blisters. Clear 
blisters showed no corrosion damage, high pH and passive OCP values, suggesting they 
might be sites of the cathodic reaction. 
 
The low pH inside red blisters led to the question in how far the low pH within the blister 
affects the further coating degradation, delamination and corrosion reactions. Therefore 
Schneider and Kelly studied the blister formation in NaCl solutions of different pH in more 
detail, and determined also the influence of the pH on water uptake and ion permeability of 
the coating [85]. In near-neutral solutions, the potential of the coated substrate before blister 
formation was above the pitting potential for AA2024-T3. Therefore after formation of a 
coating defect easily corrosion could take place inducing blister formation. The potential drop 
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associated with formation of a single blister was due to the local activation of the surface [57, 
61, 67, 70, 72] and decreased the susceptibility for further blister formation, because now 
OCP < Epit. If the blister stifled, and solid corrosion products formed, the potential increased 
again, and formation of another blister became possible. These observations pointed to an 
important role of pitting for blister formation on AA2024-T3. Significant changes were seen 
at pH < 3.5. Red blisters formed earlier, in larger numbers, grew faster and therefore became 
larger the lower the pH was. Substantial scatter in the blistering behavior was observed 
between nominally identical samples. This concerned the number of blisters on different 
specimens, the size of different blisters on the same specimen, and the total corroded area. A 
summary of the observations is given in Figure 4. The potential drop was less sudden in acidic 
solutions. Rather a continuous decay was observed, and very active values were reached soon 
after immersion. In addition to the red blisters numerous tiny clear blisters surrounding the red 
blisters were seen as well. 
 
Large blisters (~ 1 cm) always contained gas and showed red plating at the delamination 
front. The gas stemmed from hydrogen evolution, and the gas pressure in fact might have 
increased the delamination rate . Smaller blisters were sometimes red throughout, whereas 
others showed formation of red rings and red spots. Occasionally the red material was rather 
loose and did not form an adherent film. Determination of corrosion damage after removal of 
coating and corrosion products revealed that underneath the red areas corrosion was most 
severe. Probably the replated Cu served as additional cathode accelerating corrosion. For a 
sample exposed to near-neutral NaCl a corrosion depth of 30 µm was found after 21 days of 
immersion. 
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Figure 4. pH-dependence of the sample area affected by corrosion as a function of immersion 
time. In spite of a large scatter, the huge difference between samples exposed to pH 2.5 (six samples) 
and neutral NaCl (three samples) is obvious. Lines: Sigmoidal fits of data at pH = 2.5 and pH = 6.5 
(from [85]). 
 
The occluded solutions inside the blisters were characterized by high ionic strength (~ 1 M). 
The chloride concentration surpassed the one of the bulk solution. At bulk pH ≥ 3 the major 
counter ion was Na+, whereas at bulk pH = 2.5 it was Al3+, with concentrations of up to 0.6 
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mol/l. The occluded pH under these conditions also was < 3. Such high ionic strength will 
cause osmotically driven water ingress into the blister contributing to its growth. 
 
The uptake of water into the coatings was studied by measurements of the coatings 
capacitance using impedance spectroscopy (details see Section 2.2.3). Already a pH of 3.5 
enhanced water uptake rate in 13 µm thick coatings: after 1.2 h in near-neutral NaCl the water 
content was 8.3 %, whereas it was 16.5% at pH 3.5. At pH= 2.5 water uptake was even faster. 
An increased water uptake should cause a stronger volume expansion of the coating [84], and 
facilitate ingress of ions from the electrolyte [53, 57]. At least at moderately acidic pH the 
increased water uptake was probably due to a stronger hydration of individual, preexisting 
pathways in the coating. Transport studies on free-standing coating membranes showed, that 
also the permeability of the coating for ions was enhanced at lower pH (Table 3). There was a 
certain induction time at low pH, before any ion transport could be detected. This induction 
time was larger than the breakthrough time calculated from the diffusion coefficients. 
Therefore it was concluded that the enhanced transport was caused by partial decomposition 
of the polymer chains in the coating by the acid, and thus by the creation of new pathways for 
ion transport through the coating. This was confirmed by a test with neutral NaCl using a 
membrane pretreated with acid. In addition the transport rate for protons was found to be 
larger than for any other ions, and the water transport rate through the coating was increased 
as well. In acidic solutions, the enhanced water uptake will increase mechanical stresses in the 
coating facilitating delamination, and the enhanced ion permeability will make corrosive ions 
like chloride and protons available at the alloy surface. This lowers the occluded pH to less 
than 3. Thus the passive layer will not be stable under these conditions, and general corrosion 
can drive blister formation and growth even at potentials below the pitting potential found for 
neutral exposure. In turn it was concluded that in near-neutral solutions the coating on the 
internal side of a blister is additionally harmed by the low pH solutions inside, facilitating the 
delamination and influencing the blister growth rate [85].  
 
Table 3. Apparent diffusion coefficients through epoxy-polyamide coatings [85]. Errors are 
calculated from errors in concentration measurements, in the film thickness (d ~ 13 ± 2 μm), and the 
film cross section (S ~ 4.2 ± 0.7 cm2). tb: Breakthrough time in s calculated using the formula tb = 
d2/6D [120]. 
pH DNa+ / cm2s-
1 
tb, Na+ DCl- / cm2s-1 tb, Cl- DCl-
/DNa+ 
DH+ / cm2s-1 
2 5.6 x 10-11  
2.3 x 10-11 
5030  3600 1.7 x 10-10   
6 x 10-11 
1660  
1100 
3 5.7 x 10-9   
2.3 x 10-9 
3 7 x 10-12  
2.5 x 10-12 
40240  
27000 
1.9 x 10-11  
7 x 10-12 
14800  
10000 
2.7 - 
6 < 1.1 x 10-12 > 256000 < 3.8 x 10-12 > 74000 - - 
 
Blister stifling in part led to blisters filled completely with solid corrosion products. It was 
related to an increase in occluded pH. This led to a lower solubility of Al3+ causing 
precipitation of solid corrosion products. As a result, the dissolution rate of the metal slowed 
down, and the potential increased. For near-neutral solutions, blister stifling was related to the 
location of anodic and cathodic reactions. Cathodic reactions can take place at IMC within the 
blister and underneath the surrounding coating close to the blister, as well as on any replated 
Cu. Evidence for part of the cathodic reaction taking place at IMC outside the actual blister 
(which becomes a net anode) was presented [85], including the formation of low-pH occluded 
solutions throughout the blister volume, observation of the Cu redeposition underneath not-
yet delaminated parts of the coating, and the occurrence of clear blisters, reminiscent of 
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cathodic blistering. The major part of cathodic reaction still must be expected to take place 
within the blister. Upon blister growth, local alkaline regions at IMC-sites underneath the 
coating will become part of the blister, therefore increasing the pH. If one takes the width of 
the zone outside the blister, where ORR at IMC can contribute to the total cathodic reaction, 
to be constant, then the anode/cathode separation should decrease during blister growth. 
Another important aspect is the increasing depth of the corroded region causing the 
accumulation of more and more corrosion products, which will slow down further dissolution. 
Pore clogging in the coating above the blister could contribute as well, similar to the case of 
blisters on coated iron, where conversion of the anodic site to a cathode has been observed 
[111]. A change of internal pH and accumulation of corrosion product also happens in acidic 
solutions, where it is probably connected to a change of individual blisters from anodic to 
purely cathodic sites. Because there are always some blisters actively growing at bulk pH ≤ 3, 
the change in OCP is small. 
 
The behavior of epoxy-coated AA2024-T3 samples exposed to 0.1 M Na2SO4 or 0.1 M 
Na2SO4 + 0.005 M NaCl was very pH-dependent [85, 121]. A sample exposed to near-neutral 
solution showed no blister formation during its lifetime (> 3.5 months). However, the 
formation of some white spots on the substrate underneath the coating was observed. At pH of 
~ 4.1 some samples showed no formation of blisters during several months, whereas others 
showed a limited number of blisters after about 2 weeks of immersion time. At a pH of 3.6 or 
less, rapid coating deterioration and the formation of many blisters scattered across the 
surface was observed. Those blisters were visible to the bare eye the latest after 2-3 days of 
immersion, and they were clear in the beginning. Later the blisters turned green, brown, or 
reddish due to the deposition of corrosion products. The occluded solutions had an acidic pH 
(although sometimes less acidic than the bulk immersion solution), and were enriched in 
sulfate (see also Section 2.2.1). There was no significant enrichment in chloride. In blisters 
showing more positive potentials less dissolved aluminum and higher pH values were found. 
Similar to chloride-based electrolytes, water uptake of the coating was enhanced at low pH. 
Diffusion coefficients of sulfate ions through free-standing polymer films were lower than 
those for chloride ions. 
 
1.4. Basics of Sonoelectrochemistry 
In the past decades ultrasound has been increasingly applied in electrochemistry, and several 
reviews on the emerging field of sonoelectrochemistry have been published [122-124]. 
Ultrasound has been shown beneficial in the fields of electroplating, where denser and harder 
deposits were obtained, electroorganic synthesis, electropolymerisation, electroanalytical 
chemistry and for the electrochemical production of nanoparticles [20, 122-128]. 
 
One of the major effects of ultrasound propagation in a liquid medium is acoustic cavitation. 
There are a number of good reviews covering this phenomenon, but the processes are still not 
completely understood [129-137]. During the negative pressure phase small bubbles can be 
formed either because the cohesive forces of the solvent are overcome by the negative 
acoustic pressure or due to the presence of dissolved gas clusters in solution. One 
distinguishes between stable cavitation and transient cavitation [124, 133, 138]. High speed 
photography studies on single bubbles in an acoustic trap have shown that those bubbles 
“slowly” grow during the rarefaction cycle, and rapidly collapse in the compression cycle. 
During the collapse the temperature within the bubble raises to values of up to 15000 K. Often 
a series of small oscillations is observed after the collapse, before the bubble starts to grow 
again in the next period. Single bubbles trapped in an acoustic field can oscillate in a 
reproducible manner over many cycles. The bubble dynamics (i.e. the radius of the bubble as 
a function of time) depends on many variables, like the acoustic pressure and the frequency of 
16 
 
ultrasound, the rest radius of the bubble, the vapour pressure, gas content, viscosity, and 
density of the medium, and the proximity of a surface [133, 136, 137]. In part phenomena like 
period doubling and chaotic behaviour are observed. There are a number of mathematical 
models describing the oscillation processes like the Rayleigh model and the Gilmore model, 
typically based on ordinary non-linear differential equations [133, 139]. Single bubbles can 
show sonoluminescence with emission of light pulses in the ns regime [130]. In transient 
cavitation, the rest radius of the bubble grows from one period of ultrasound to the next one 
by rectified diffusion [133, 137, 140]. During the growth phase of the bubble more solvent 
vapour enters the cavity than is condensed during the compression cycle. The bubbles grow to 
sizes much larger than the equilibrium size. Typical sizes are 5-20 µm [141, 142]. The 
acoustic field is fluctuating due to the presence of other bubbles, which themselves emit 
acoustic waves during oscillation thereby disturbing the externally applied sound field [136]. 
In addition any gas/liquid interface is instable under compression [136]. At some point, the 
bubble experiences a violent collapse connected with a local increase of temperature to values 
of a few thousand K, very high pressures, high heating and cooling rates and, in the 
immediate surroundings of the bubble, strong shock waves (hot spot theory) [133, 136, 143]. 
Due to the instability of the collapsing bubble surface liquid jets directed to the bubble interior 
form [136]. Those extreme conditions are generally considered as the base of sonochemistry. 
The plasma-like conditions can also excite the gas within the bubble and induce visible light 
emission, the so-called sonoluminescence. The light emission also permits to determine time-
averaged temperatures of the bubble interior [144]. If volatile precursors are used, they can 
react immediately within the cavity. Reactive intermediates like hydroxyl radicals and 
hydrogen atoms can be formed by solvent decomposition, and then participate in chemical 
reactions [133, 145-147]. The temperature of the hot spots and their surroundings were 
determined by different indirect methods: Mišík et al. used the kinetic isotope effect for the 
homolytic splitting of the O-H and O-D-bonds, respectively, in order to estimate the 
cavitation temperatures in aqueous media [148]. They sonicated H2O, D2O, and an H2O/D2O-
mixture in the presence of spin-traps, organic molecules, that form a (meta)stable adduct with 
the H and D radicals, and determined the ratio of the adducts formed by sonication using 
Electron Paramagnetic Resonance (EPR) spectroscopy. They obtained temperatures between 
2000 and 4000 K in their most reliable measurements. Suslick et al. determined the first order 
rate constants for the decomposition of metal carbonyls as a function of metal carbonyl 
vapour pressure [149]. By using activation parameters from gas phase laser pyrolysis they 
obtained temperatures of ~ 5200 K for the cavity and 1900 K for the adjacent liquid phase. 
Another popular method for temperature determination is based on the recombination of 
methyl radicals created for instance by decomposition of alcohols or methane [129, 142, 150, 
151]. These radicals can form ethane and ethylene, where the rate constant for ethylene 
formation is strongly temperature-dependent and the one for ethane is not [142]. Shockwaves 
can cause particle collision leading to agglomeration in the case of metals and to 
fragmentation in the case of brittle materials like oxides [143]. Additional effects occur if the 
bubble collapses in the immediate vicinity of a surface that disturbs the local sound field and 
the hydrodynamics [136]. In that situation the bubbles become toroidal during collapse, and a 
strong microjet directed to the surface forms [133, 136, 152]. Jet velocities of ~100 m/s are 
reported [143]. Experiments with laser-induced single bubbles have shown that typical life 
times of these jets are 1 µs or less, and that sometimes secondary cavitation is taking place 
during collapse. This liquid jet as well as the shock waves can erode the surface [124, 136, 
143, 145, 153]. This only occurs when the ratio γ of the distance of the bubble from the 
surface and its maximum radius is ≤ 2. The jet contributes only if γ ≤ 0.7. There are also other 
reports based on electrochemical experiments with microelectrodes stating that jet formation 
does not occur at ultrasound frequencies [154]. In this case directional microstreaming can be 
explained by replacement of the volume taken up by the bubble by solution after the collapse 
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[154]. The interactions between bubbles and the formation of bubble structures is also subject 
of intensive research. Bubble clouds can scatter the acoustic waves, leading sometimes to a 
maximum useful intensity for sonochemical reactions [133]. Often frequencies of 20 kHz are 
used in sonoelectrochemistry. At higher frequencies cavitation bubbles are smaller, their 
collapse is less violent, and the cavitation threshold (minimum pressure amplitude required to 
induce bubble formation) increases [136, 155]. On the other hand, the number of cavitation 
events increases due to the shorter period length of the acoustic wave, and possibly a larger 
number of radicals is formed [136, 156]. Cavitational activity is also large when the ultrasonic 
frequency is close to the resonance frequency of the oscillating bubbles. Within a 
sonochemical reactor or a sonoelectrochemical cell the cavitational activity is not 
homogeneous throughout [157], and the exact reactor design can influence the sound field 
[136]. Cavitational collapse becomes less violent with increasing vapour pressure of the 
solvent and therefore with increasing temperature, because the larger amount of gas contained 
within the bubble dampens the implosion [133, 143]. 
 
Another important effect caused by ultrasound is acoustic streaming [138, 158-164]. It is the 
analogue of the so-called quartz wind, and caused by momentum transfer of the propagating 
ultrasonic wave to the medium, converting acoustic energy of the sound wave into kinetic 
energy of the medium. Therefore a strong, nonlaminar convection of the liquid medium in the 
direction of the propagating wave is taking place in the area, where ultrasound enters the 
medium. 
 
Sonoelectrochemical experiments can be conducted in many ways differing by how 
ultrasound is introduced in the system, the geometry of the setup including the arrangement of 
electrode and ultrasonic transducer, and intensity and frequency of the ultrasound. 
Experiments have been conducted in ultrasonic baths [122, 165, 166], in ultrasonic cup-horns 
and variants thereof [135, 167, 168], and using ultrasonic horn probes immersed in solution 
[122, 124, 135]. In the latter case the working electrode can be placed at a fixed distance in 
line with the ultrasonic horn probe such that the electrode surface and the surface of the probe 
tip are parallel, and that the ultrasonic wave is moving towards the electrode. This is the so-
called face-on geometry [127]. The acoustic streaming is then directed towards the electrode. 
Alternatively, the ultrasonic horn tip can directly serve as the electrode [20, 125], and then is 
called a sonotrode. The latter technique enables a facile way for the production of 
nanoparticles by a combination of current and ultrasound pulsing [20, 125, 169-171]: A short 
current pulse under silent conditions leads to the deposition of small nanocrystals of a metal 
on the horn tip surface. These are then removed by an ultrasound pulse from the sonotrode 
and therefore can no longer grow. Addition of surfactants might then stabilize the 
nanoparticles in suspension. Repetition of the procedure allows production of larger numbers 
of nanoparticles. An overview of nanoparticles prepared so far by sonoelectrochemistry has 
been given in a recent review [172]. In order to be able to compare the results obtained by 
different generators and different setups, and in order to correlate measured electrochemical 
quantities with the ultrasonic energy, it is necessary to calibrate the power output of the 
ultrasound system. The method for this has been developed by Margulis et al. [173, 174]: One 
typically applies ultrasound for a certain time (without external cooling), and measures the 
temperature before, during and after ultrasound application. Afterwards, in the same setup, 
electric heating is applied for the same time, and, in repeated experiments, the electric power 
modified until the temperature-time curves for the ultrasound irradiation and the electrical 
heating match. The obtained electric power then can be considered equal to the ultrasonic 
power. Normalizing to the solution volume gives the power density, and normalization to the 
tip area gives the ultrasonic intensity, Ia. 
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There is a strong need to improve the understanding how ultrasound affects electrode 
reactions, and to come to a quantitative understanding of the processes involved. At large 
electrode / horn separation mainly acoustic streaming effects are of importance. It causes at 
high ultrasonic intensities a decrease of the diffusion layer thickness to ~ 0.5 – 7 µm [141], 
leading therefore to enlarged mass transport limiting currents. At smaller separation between 
horn and electrode there is a strong contribution of cavitation [141]. Cavitation events and 
associated microstreaming can disrupt the diffusion layer, and cause a further increase in 
currents [141]. Typical currents associated with a single cavitation event were measured by 
using microelectrodes and are in the range of a few hundred nA at most [141]. At 
macroelectrodes multiple events take place at the same time and cause a noisy current 
response, which is less well defined than the transients observed at microelectrodes. Birkin et 
al. studied in how far the presence of the electrode modifies the sound field [175]. In the past 
years there were several reports regarding the correlation between the limiting current 
densities jlim and ultrasonically induced mass transport. Banks developed an experimental 
correlation between limiting current densities and ultrasonic power P measured for simple 
solution-based redox systems [176]. They found a proportionality of jlim to P0.5, and gave the 
ultrasound analogue to the Levich equation for rotating disc electrodes [5]. The dependence 
on diffusion coefficient D of the electroactive species and the kinematic viscosity ν of the 
electrolyte proved to be identical to the one of the Levich equation. Henley et al. supported 
the results by computer simulations [177]. Later, Pollet and co-authors verified the approach 
of Banks [178], and quantified the influence of electrode-horn separation d. They also 
converted the limiting currents to equivalent electrolyte flow velocities, and found at small 
numbers of d values larger than the true solution velocity obtained from acoustic streaming 
alone (up to 16 m/s for Ia = 118 W cm-2). They explained those with asymmetric cavitation 
close to the electrode surface [178]. Recently, Pollet et al. showed that the proportionality 
between P0.5 and jlim also holds for the electrodeposition of Cu on a Pt wire electrode from a 
CuCl2 electrolyte at neutral pH [166]. They employed d = 2 mm in these experiments. Bubble 
collapse and microjets are also known to erode the surface of the electrode [126]. The 
alteration in concentration profiles, the turbulent streaming and local temperature changes 
might also impact nucleation processes [179-181]. In addition generated radicals might 
influence electrode processes [172]. Under conditions where reactions, especially metal 
deposition processes, were under charge-transfer control, a smaller influence of ultrasound 
was found [126]. 
 
2. Basic electrochemical approaches 
 
2.1. Bulk analogues, thin films and model alloys 
 
2.1.1. Concepts 
One way to achieve a better understanding of the corrosion behaviour of complex materials 
like heterogeneous aluminum alloys lies in the preparation of well-defined model compounds 
and alloys representative of the metallurgical phases actually present in the real, commercial 
alloys [29, 30, 35, 49, 51, 182]. Similarly, the mechanism of dealloying, i.e. selective 
dissolution of the less noble component of a homogeneous alloy phase, has been studied for a 
long time using single phase Ag-Au alloys [183-189]. The study of bulk analogues of the 
intermetallic compound phases has been applied for many years in order to determine pitting 
potentials, oxygen reduction rates, and the action of inhibitors of the individual components of 
the alloys, and to predict the galvanic coupling behavior with the alloy matrix [25, 114, 190, 
191]. Often these bulk analogues are multiphase materials, and partial masking is required to 
study only the phases with the desired composition. More recently thin film analogues of 
intermetallic compounds have been prepared by sputtering, flash evaporation or pulsed laser 
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deposition techniques, which permits also the application of the electrochemical quartz crystal 
microbalance (EQCM) technique [35, 117, 182, 192-194]. Finally galvanic coupling 
experiments were conducted in order to study the interaction between local anodes and 
cathodes [195, 196]. Galvanic coupling was achieved by connecting anode and cathode via an 
external cable, by inserting one material within the other, and by creation of islands of one 
material, e.g. Cu, on the alloy matrix material, applying photolithography. 
 
Liao and Wei coupled bulk analogues of Al3Fe and a multiphase Al-Fe-Cu-Mn alloys with 
pure Al in neutral and acidic NaCl solutions [196]. They varied the cathode / anode area. In 
acidic solutions they found much larger cathodic limiting currents. From the measurements 
they determined at which cathode / anode area ratio there was a crossover from cathodic to 
anodic control. They concluded that pitting in aluminum alloys is always controlled by the 
limiting current density on the cathodic IMC, and takes place much faster in acidic solutions. 
 
Clark et al. used galvanic coupling experiments in single compartment and split cells in order 
to study the corrosion inhibition mechanism provided by chromate species [197]. They 
coupled pure Al or AA2024-T3 with pure Cu or coupled two AA2024-T3 samples and 
measured the current between the two electrodes. In the latter case one compartment was 
deaerated and therefore made an anode. In all experiments with a Cu cathode only addition of 
the inhibitor to the cathode compartment or pretreatment of the cathode with a chromate 
conversion coating bath were effectively lowering the current between the electrodes. 
Therefore chromate was proven to be a cathodic inhibitor – for copper. This finding is in 
agreement with results by Ilevbare et al. which showed a reduction of cathodic currents on Cu 
in the presence of chromate [43]. In the case of two AA2024-T3 electrodes there was an effect 
also when adding chromate to the anode side, which could be explained from polarization 
curves by a reduced passive current density in the presence of chromate. Later Iannuzzi et al. 
investigated corrosion inhibition by vanadates using a similar procedure [198]. They found 
strong cathodic inhibition by clear metavanadates containing monovanadates (and some 
inhibition of S-phase corrosion), but a much smaller to negligible effect by orange 
decavanadate. In contrast to chromate, where the inhibition was thought to be caused by 
reduction and monolayer film formation (supported by observation of a cathodic peak during 
injection) [197], metavanadate is supposed to act by a chemisorption instead of a reduction 
mechanism [198].  
 
Jorcin et al. studied the corrosion behavior of a galvanic couple made from a pure Cu wire 
tightly inserted in an Al wire [195]. They used an aerated 1 mM Na2SO4 solution as 
electrolyte, and performed finite element simulations in order to calculate the local potential 
and current distribution along the galvanic couple. Calculations predicted large cathodic 
current densities at the Al/Cu interface. Experiments showed the formation of a crevice at the 
Al/Cu interface caused by local alkalinization, the corrosion of Al close to the interface, the 
corrosion of Cu within the crevice and the replating of Cu in a ring on the Al surface. This 
suggested that replated Cu observed during corrosion of Al alloys might also be caused by 
crevice corrosion. 
 
The understanding of the microscopic processes and the thermodynamics involved in the 
phenomenon of dealloying has improved much over the past decade [183, 185-188]. The 
dealloying process is also known as depletion gilding and has already been applied by the 
Incans and in medieval Europe in order to create a surface of pure gold on an artifact made 
from a Cu/Au or Ag/Au alloy [183, 189, 199]. Mechanistic understanding came from 
experimental and computational studies of the selective Ag dissolution from Ag-Au alloys. 
Those alloys are single phase across the entire range of compositions [188] and are therefore 
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good model compounds to study the mechanism of dealloying. If the Ag concentration (or in 
general the concentration of the less noble element) is above a certain threshold (~60 at% 
Ag), the so-called parting limit [186-188, 200], the dissolution of the alloy by immersion in 
nitric acid or application of a sufficiently positive anodic overpotential in an electrolyte causes 
the selective dissolution of the Ag component. Whereas in the original alloy the distribution 
of Ag and Au was completely homogeneous, the dealloying process leaves a bicontinuous 
porous Au behind, where both the Au phase and the pore phase are continuous. During 
prolonged exposure to electrolyte or during annealing the porous metal structure coarsens 
with time [187, 199, 201]. A minimum (over)potential is required for the porous structure to 
form, the so-called critical potential. Below the critical potential the surface passivates. 
Typically the critical potential is determined by potential sweep methods applying a current 
threshold criterion. The critical potential thus obtained depends on scanrate. Dursun et al. 
showed that the true critical potential can be determined by long-term potentiostatic 
experiments, and is much lower than the results from potential sweeps [185]. Monte-Carlo 
simulations by Erlebacher confirmed this finding [187]. Already Forty suggested based on 
TEM studies of dealloying that Au surface diffusion leads to island formation exposing free 
patches of alloy surface to the electrolyte [189]. Surface diffusion of gold in an electrolyte 
solution is several orders of magnitude faster than in vacuum [187, 199], with D ~ 10-14 cm2s-1 
in H2SO4 as compared to 2.7 · 10-19 cm2s-1 [187]. In the presence of halides surface diffusion 
further increases [202]. In several papers Erlebacher et al. derived the critical issues in 
dealloying and developed a continuum kinetic model for dealloying considering silver 
dissolution and diffusion of silver and gold which reproduced all the experimental features 
described in literature [183, 186-188]: Gold adatoms left over after silver dissolution coalesce 
in Au islands by surface diffusion exposing fresh alloy to the electrolyte. Therefore Au 
mounds form, which eventually are undercut by further alloy dissolution. In order to explain 
the high tendency of the Au to coalesce to islands Erlebacher et al. considered the interface of 
Au adatoms and electrolyte to behave as a regular solution, and found a low equilibrium 
concentration for isolated Au atoms. Dealloying therefore leads to a large supersaturation of 
the electrolyte layer with Au atoms. Under these conditions spinodal decomposition occurs 
causing Au diffusion against the concentration gradient. Phase separation occurs most rapidly 
at intermediate length scales. For quantitative modeling they used the Cahn-Hilliard equation. 
When the porous structure grows into the depth the free Au atoms formed diffuse to the next 
Au island, until the diffusion length is too large. Then formation of a new Au island is 
favored. The surface energy depends on the curvature, and its reduction causes therefore the 
coarsening of the porous structure during dealloying. Below the critical potential, dissolution 
starts out the same as above, by dissolution of Ag atoms, and roughening of the surface 
occurs. However, in this case capillary action of the Au atoms finally wins and the surface 
smoothens and passivates. The time dependence of the current decay measured under these 
conditions had been described in literature either as a t-1 or as a t-0.5 behavior. Erlebacher’s 
simulations showed that both of these laws describe at certain times the current transients, but 
only approximately. Slightly above the critical potential, most of the surface is passive at later 
times, and further dissolution occurs by distinct pitting events, where large amounts of 
material are dissolved at once.  
 
The porous gold material itself is of great interest for applications in the area of catalysis, 
sensing, and filtration [199], because it has an adjustable pore size, a very large surface area 
and shows excellent conductivity. More sophisticated structures were derived from the 
material. Ding and Erlebacher created a multimodal pore size material by dealloying and 
annealing of a 50 wt% Au leaf in nitric acid, then by plating Ag electroless in the coarsened 
Au alloy created, annealing to cause alloy formation at the Ag/Au interface, and dealloying 
again [199]. Porous Au with main pore size of 150 nm – 1 µm was created that way, the walls 
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of which were decorated with 8-15 nm large pores. Later Ding et al. plated obtained 
nanotubular mesoporous Pt by plating nanoporous Au with Pt, and then dissolving the Au 
[201]. The interconnected nanotubes had wall thicknesses of ~ 1 nm, and the membranes were 
mechanically stable at room temperature. 
 
2.1.2. Polarisation measurements and open circuit behavior of bulk and thin film 
analogues 
The metallurgical preparation of pure intermetallic phases often is impossible. It is only 
possible to prepare (large) grains of the desired phases embedded in a matrix or together with 
grains of a different material. For electrochemical measurements it must be made sure that 
only the phase of interest is in contact with the electrolyte. 
 
Buchheit et al. prepared Al2CuMg material by a standard melting process with a long hold at 
510 °C to create mm-sized crystals in the ingot [203]. They masked parts of the surface not 
being Al2CuMg with a corrosion resistant lacquer, and used the material as a disc in a rotating 
ring disc electrode setup. Their results unequivocally showed that corrosion of Al2CuMg at its 
open circuit potential or under anodic (and also slightly cathodic) polarization leads to the 
creation of Cu ions in solution. This effect was less in nitrogen-sparged solutions. They 
concluded that Cu clusters break off from the nanoporous structure formed during dealloying 
and dissolve by corrosion at the free corrosion potential. A direct electrochemical oxidation of 
Cu from the alloy due to complex formation with chloride was ruled out, but a contribution 
from direct oxidation of Cu from the Cu remnant due to the small radius and therefore large 
surface energy of the particles was not. 
 
Dimitrov et al. dealloyed S-phase in alkaline solution because Mg should not dissolve under 
these conditions [39]. They claimed to see a critical potential (but the currents were already 
quite large below that potential) and correlated it with a model by Wagner et al. predicting a 
patch size of less noble metal, and calculated a ligament width of 2 nm. During constant 
potential dissolution they saw oscillatory behaviour, which they explained with the repeated 
deposition and (mass transport controlled) dissolution of a salt film at the bottom of each pit, 
and a coupling of the concentration fields of the individual pits. After dealloying at constant 
potential the authors found a bi-continuous void structure with length scale of 20-50 nm 
underneath a surface layer, which had a different morphology due to the mass-induced 
collapse of Cu-rich ligaments. 
 
Ilevbare and co-authors studied the corrosion behaviour of Al2Cu, Al2CuMg and 
Al20Cu2(FeMn)3 bulk analogues in order to elucidate galvanic coupling processes and 
corrosion inhibition by chromate and chromate conversion coatings [43, 114, 115]. They 
reported OCP values of -0.86 V for Al2CuMg, -0.41 V for Al2Cu and -0.34 V vs. SCE for 
Al20Cu2(FeMn)3 after 2 h of immersion in 0.1 M Na2SO4 + 0.005 M NaCl, and found with 
exception of Al20Cu2(FeMn)3 no change in OCP by chromate conversion coating (CCC) 
treatment [43]. Al2Cu was passive in 0.1 M Na2SO4 + 0.005 M NaCl but Epit was close to 
OCP [114]. During two hours of immersion corrosion and associated roughening and 
dealloying in the absence of chromate were already taking place on Al20Cu2(FeMn)3 and 
Al2CuMg, respectively, as proven by EIS measurements [114]. This increased the apparent 
cathodic reduction rates measured on the IMC. A comparison of oxygen reduction rates in 
chloride-free sulfate electrolyte and electrolytes containing both chloride and chromate 
showed no significant difference. Ilevbare and Scully therefore believed that cathodic 
inhibition of real intermetallic compounds (not elemental Cu) were mainly apparent, and that 
the main effect was passivation of S-phase and prevention of pitting and Cu replating by 
chromate [114]. This was supported by a clear increase in pitting potential induced by 
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chromate and CCC. However, for chromate conversion coatings they considered also 
alternative effects like CCC functioning as a barrier for electron transfer reactions or oxygen 
diffusion to the cathodic IMC or chromate blocking adsorption sites of O2. 
 
Some of the most comprehensive surveys on electrochemical properties of IMC phases were 
carried out by Birbilis and Buchheit [31, 204]. They prepared (or sourced from earlier studies) 
bulk analogues of 14 different IMC phases relevant for corrosion of 7000 series and other 
alloys and characterized them by EDX and electron backscattering Kikuchi patterns. They 
measured the electrochemical properties with a microcapillary cell, as described in some 
detail in Section 2.2. This is more elegant than masking parts of the surface with nail polish or 
other lacquers, and permits also multiple reruns on the same substrate by choosing another 
sample position. Birbilis and Buchheit determined corrosion potentials in NaCl solutions of 
different concentrations, and measured the polarization curves [204]. The latter is very 
important because the relative ranking of the corrosion potential of the phases in terms of 
nobility alone does not tell, whether these phases really are of importance for the corrosion in 
commercial alloys, and it allows measurement of anodic or cathodic reactions rates important 
for failure prediction. The polarization curves for Al2CuMg showed a rather high breakdown 
potential (0 V vs. SCE), however, already at lower potential the currents were rather large due 
to dealloying. The OCP values reported for Al2Cu and Al2CuMg in 0.01 M NaCl are -0.592 
and -0.956 V vs. SCE, respectively [204]. These values are more negative than those found by 
Ilevbare and Scully in 0.1 M Na2SO4 + 0.005 M NaCl on macroscopic samples [115]. The 
differences might be due to different chloride concentration, different immersion times and 
sample history prior to measurements. In pH dependent studies Birbilis and Buchheit found 
that Al2Cu was passive in NaCl over the entire range of pH and had a wide passive region 
[31]. This was different from studies of macroscopic samples, where the passive region was 
less wide [114]. The pitting potential increased at alkaline pH values [31]. The activity of S-
phase decreased with an increase in pH, and the corrosion potential was more positive in the 
alkaline region as well, which was explained by the stability of Mg in alkaline solutions (see 
above). The cathodic reaction rate on Al2Cu was found to be independent of pH. The 
electrochemical behaviour strongly depended on the intermetallic composition and the 
solution pH.  
 
Ramgopal et al. studied 200-250 nm thin films of Mg(Zn, Cu)2 and Mg(Zn, Al)2 
representative of the η-phase in 7xxx series alloys in 0.5 M NaCl at near-neutral pH and at pH 
~ 11 in function of the Cu and Al content, respectively [182]. In 0.5 M NaCl they associated 
the breakdown potential with Zn dissolution (dealloying) and found Zn replating when 
sweeping the potential in the cathodic direction. Above Cu concentrations of 8 at% both OCP 
and breakdown potential shifted in the positive direction, and indication of Cu surface 
enrichment as a consequence of Zn dealloying was found. OCP backplay experiments from 
OCP recorded on AA7150 were performed in order to test what happens to IMC of the same 
composition in the commercial alloy. The tests showed a rapid and complete dissolution of 
the films at the alloy OCP. In alkaline NaCl the Mg(OH)2 surface film was stabilized, and 
pitting of the thin films was observed. Because the breakdown potentials for these phases 
were far below those for the 7xxx series alloys it was concluded that the alloy breakdown 
potentials are unrelated to the presence of the η-phase. 
 
Blanc and colleagues prepared both Al-Cu-Mg alloys and binary Al-Cu alloys by magnetron 
sputtering from the elements [193, 205, 206]. They found rather large OCP values and 
cathodic current densities for Al-Cu-Mg in pure sulfate solutions, and concluded that the 
cathodic behaviour of AA2024 was controlled by S-phase [193]. In the presence of chloride at 
low concentrations they reported pitting of S-phase, and concluded that also pitting of 
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AA2024 in presence of chloride was controlled by S-phase. Galvanic coupling experiments 
with Al-Cu alloys showed a change from anodic to cathodic behaviour. Idrac and co-authors 
determined the phase composition of a wide range of binary Al-Cu alloys by electron 
diffraction, and found systems representing the matrix (α-phase supersaturated with Cu), the 
matrix with hardening precipitates, θ-phase and η2-phase [205]. The dependence of the OCP-
time curves of the alloys in sulfate solution (decreasing at low Cu, increasing at high Cu 
content) was explained by the growth of a more stable passive layer, the influence of the Cu 
content on the conductivity of this layer and thus the relative importance of decreasing 
cathodic rates and decreasing passive current density. The dependence of OCP after 
stabilization on Cu content could be calculated from the increase in the cathodic current 
density (taken from polarization scans) with the amount of θ-phase (or η2-phase) present in 
the specimens. Samples with higher Cu content showed a higher propensity to pitting. Idrac et 
al. also coupled alloy phases of different Cu content galvanically and measured the currents as 
a function of time [206]. The phase with the higher Cu content behaved as the cathode. The 
maximum current measured increased with the amount of Cu in the anode. The currents were 
due to the growth of a passive layer on the α-phase in both the anode and cathode. Pits were 
observed on the cathode after the experiments, with an increased susceptibility for larger Cu 
contents. The authors concluded from their findings that Cu replating can also be caused by 
pitting of θ-phase in AA2024. 
 
Liu et al. also used element targets in order to prepare an Al-20at%Mg-20at% Cu film [192]. 
They performed polarization and anodization studies in 0.1 M ammonium pentaborate and 0.1 
M sodium hydroxide electrolyte, and characterized the films and the passive layers formed 
during the experiments extensively using TEM, XPS, and MIES. They observed no classical 
dealloying under their experimental conditions. The oxide films were depleted in copper, but 
underneath the oxides a Cu-rich layer in the alloy was observed. Both Mg and Cu ions were 
transported faster than Al3+ through the film. Anodization in sodium tetraborate caused 
depletion of Mg in the film due to solubility in the electrolyte, whereas in NaOH enrichment 
and formation of an outer surface layer of Mg(OH)2 was observed. In addition, due to 
solubility of Al in NaOH, Cu enrichment underneath the oxide was strong enough for Cu to 
be incorporated into the oxide film already during simple immersion. The formation of a 
protective MgO layer is necessary for passivity of the alloy. Based on the OCP, the authors 
concluded that in strongly alkaline solution S-phase should be a local cathode in an aluminum 
alloy. In addition copper oxidation might be possible in highly alkaline regions. The same 
authors demonstrated the formation of Cu nanoparticles without dealloying from a binary Al-
30at%Cu alloy prepared by sputter deposition immersed in 0.1 M NaOH [207]. Under these 
harsh conditions rapid etching is taking place, and the OCP is much less than the one 
observed in their Al-Cu-Mg work. First Cu is enriched in the alloy close to the surface, then 
nanoparticles form which are undermined and included in the etching product film, where Cu 
can oxidize to form Cu(I). Studies of Al-Cu alloys with a lower Cu content showed that the 
corrosion rate and the enrichment of Cu underneath the surface oxide increases with increase 
in Cu content [208]. From a certain Cu concentration on Cu nanoparticles are incorporated in 
the oxide, and little is lost to solution. Enrichment in the alloy (2 nm layer) is up to 40-60 at%. 
The presence of Cu in the corrosion product accelerates corrosion. 
 
2.1.3. Corrosion behavior of synthetic model alloys. 
Electrode arrays made from Cu islands deposited in a regular pattern on an Al or Al-1%Cu 
matrix were used to study the initial stages of trench formation and the influence of the 
interaction between IMC phases and pH fields developing in solution [29, 30, 49, 50]. 
Metastable pitting was seen during open circuit exposure of these alloys to NaCl solution, and 
was correlated with spacing and size of the Cu islands [51]. 
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Wall and co-authors were the first to prepare synthetic or “nano-engineered” Al alloys with a 
well-defined oxygen layer to improve the understanding of corrosion processes on  aluminum 
alloys [51], especially with respect to the localized nature of the corrosion initiation. They 
deposited the Al (and later Cu) by electron-beam evaporation in a UHV chamber, and grew an 
oxide on the Al by an electron cyclotron resonance oxygen plasma, which led for pure Al 
films to lower passive current densities than by just oxygen backfilling of the preparation 
chamber. The Cu islands were 2-5 µm in diameter with distances of 10-100 µm between the 
islands. Exposure of the artificial alloys to 0.5 M NaCl caused metastable pitting events which 
stopped after some time because the Cu islands became undercut and isolated from the 
surrounding Al matrix. The individual pitting events apparently did not depend on particle 
size and spacing, the event-frequency however increased with increasing particle size. 
 
Missert et al. studied the influence of cathodic particles on pit initiation using microelectrode 
arrays, because the complex microstructure makes it difficult to separate all the possible 
influence factors using real alloys [49]. They stated that there are basically two possibilities: 
the formation of local alkalinity over cathodic particles inducing breakdown of the oxide over 
the aluminum, if the passive current densities on the matrix are high, the cathode/anode ratio 
low and the pitting potential high, or the occurrence of pitting due to local polarization of the 
matrix by the cathodic particles above the pitting potential. Missert et al. measured the pH 
above cathodic intermetallic phases in-situ during the electrochemical experiments using 
confocal laser scanning microscopy in the fluorescence mode [30, 49, 50, 209]. Corrosion 
studies of a 10 by 10 array of 5 µm Cu islands in Al with 10 µm spacing in a solution of 0.05 
M NaCl containing fluorescein showed, that the pH increase above the Cu particles took place 
after the OCP drop indicating pit initiation, and primary corrosion was therefore not induced 
by local alkalinity. A multielectrode study with five pure 150 µm Al squares containing each 
one 50 µm Cu island showed that pit formation and growth can be balanced not only by 
cathodic reactions on the nearest Cu island, but also on more remote Cu islands [49, 50]. In 
addition after repassivation and re-initiation of pits the anode/cathode distribution can be 
totally different [49]. This demonstrated that pit formation and growth are complicated 
processes even in simple geometries. In one experiment on four out of five electrodes the 
anodic reaction took place exclusively underneath the Cu island, and the corresponding 
cathodic current came solely from that Cu island. The fifth electrode showed excess anodic 
current and circumferential pitting in addition to corrosion underneath the Cu island 
compensated by cathodic currents on the other electrodes, where after a while the 
neighbouring electrode contributed more than the more remote electrodes [50]. The authors 
also pointed to the fact that on nominally identical Cu islands the limiting currents for oxygen 
reaction can differ by as much as a factor of five due to differences in the surface [50]. Further 
studies [30] revealed that the size of and spacing between individual Cu islands in a single 
electrode array had an impact on the development of pH: if spacing was small the individual 
pH fields overlapped. After exposure corrosion product rings were seen around the Cu 
islands, consisting of chloride-containing aluminum hydroxides. If the spacing was below 10 
µm the corrosion products precipitated outside the entire Cu array [209]. In-situ fluorescence 
microscopy did not show acidic regions due to the pits, which was because the pits formed at 
the interface between Al and Cu and undercut the Cu in a crevice like geometry [30, 209]. Cu 
redistribution during corrosion was not observed for these samples [209]. 
 
Vukmirovic et al. [29] studied the behaviour of commercial AA2024 and of synthetic alloys 
made from 100 nm thick Cu islands of diameter 1.8, 80, and 1000 µm in a matrix of Al-1%Cu 
in order to clarify the relative importance of the S-phase and Cu dissolved in the matrix as a 
source for Cu accumulation at the surface of the alloy. The applied the RDE and RRDE 
technique, and determined the total Cu area on the surface by a Pb UPD technique. They also 
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carried out investigations of the diffusion limited ORR reaction, and found that for Cu values 
between 20 and 30 µA cm-2 were found, independent of pH. The authors found, that for 
commercial AA2024 the corrosion damage was maximum at intermediate rotation rates ω, 
but became more localized and less severe with increasing ω. This was explained by the ratio 
of the width of the diffusion boundary layer δ to the spacing of the intermetallic compounds. 
At low rotation rates δ was larger than the distance between the particles, which therefore 
acted like one big planar electrode. Under these circumstances the pH at the entire surface 
became alkaline due to the cathodic oxygen reduction, and the whole surface was activated. 
At larger ω δ decreased, and the IMC acted as individual microelectrodes, the field of pH 
increase was cut off by the diffusion boundary layer, and the enhanced diffusion overall 
caused the pH to become less alkaline, thereby reducing corrosion. The total amount of Cu on 
the surface increased with time until the entire surface was Cu decorated, even for highest 
rotation rates. With synthetic Al alloy, the corrosion damage was as well maximum at 
intermediate ω. At large rotation rate corrosion became more localized and clear trenches 
formed around the Cu islands. However, the amount of Cu on the surface never reached full 
coverage, and decreased even significantly at high rotation rates. RRDE experiments helped 
to determine the amount of Cu released into the solution during corrosion. Those studies ruled 
out the Al2Cu phase as a source of replated Cu, and suggested that the Cu accumulated at the 
surface of real AA2024 stems about equally from two sources: The Al2CuMg particles de-
alloy and thereby form a porous, mechanically instable Cu sponge, causing Cu particles to 
break away from the remnant and dissolve in the electrolyte, and Cu finally replating 
somewhere else on the alloy surface. This mechanism is in agreement with other studies [22, 
191, 203]. The Al matrix corrodes and leaves the Cu alloy component behind, which then 
enriches at the surface. The latter mechanism was valid both in the real and synthetic alloy 
samples of Vukmirovic et al, whereas the former could only occur in the real alloy [29]. 
 
Schneider manufactured synthetic Al alloys consisting of an Al matrix and Cu or Al-Cu-Mg 
islands on quartz resonators for the electrochemical quartz crystal microbalance 
measurements. These results will be discussed in Section 2.3.4. 
 
2.2. Microelectrochemistry 
A different approach for improving understanding of spatially heterogeneous electrochemical 
reactions and for probing the electrochemical behaviour of individual regions and phases on a 
technical alloy surface consists in local electrochemical measurements on real materials. The 
sample to be investigated is either fully exposed to the electrolyte, the excitation signal (e.g. 
voltage) applied globally with respect to a regular reference electrode and a large scale 
counter electrode, and the response (i.e. current) is monitored locally, or both excitation and 
response measurement are performed on a local scale in the µm-range. The first approach is 
realized in methods like local electrochemical impedance spectroscopy (LEIS) and the 
scanning reference electrode technique / scanning vibration electrode technique 
(SRET/SVET) that will be briefly discussed in Section 3.4. The second approach can be 
realized by masking techniques using photolithography or special inks / paints. More versatile 
however is the use of microelectrodes as presented in the following: First a general 
introduction to microelectrodes will be given, which goes beyond the characterization of 
localized corrosion processes (Section 2.2.1). Some yet unpublished results from Schneider 
and Kelly on local pH and potential measurements within individual coating blisters will be 
shown. In Section 2.2.2 results from literature on the application of microelectrode 
measurements on bare metals and alloys are reviewed. Section 2.2.3 describes the general 
characteristics of impedance spectra on coated alloys, with an emphasis on the work of 
Schneider and Kelly on AA2024-T3 exposed to chloride solutions of different pH [85]. 
26 
 
Finally, the first impedance measurements with a simple but efficient microelectrode within 
individual coating blisters on AA2024-T3 will be highlighted (Section 2.2.4) [72]. 
 
As in many areas of materials science, also in electrochemistry there is an increasing interest 
towards micro- and nanstructuring, and towards decreasing the scale of electrochemical cells. 
A review paper on electrochemical micro- and nanosystem technologies was given by 
Schultze and Bressel [210]. Recommended readings are also the special issues from the 
journal “Electrochimica Acta” on this subject. Downsizing techniques are also of importance 
for electroanalytical techniques like lab on the chip approaches including the attoliter cells 
presented by Li et al. [211].  
 
2.2.1. Introduction to microelectrodes 
 
a) b) 
Figure 5. a) Typical θ-style double-barreled glass capillary (ϕ = 1.5 mm) used for fabrication of 
microelectrodes b) tip of microelectrode after pulling (~ 50 µm).  
 
The expression microelectrode originally referred to electrode / electrolyte systems with a 
small electrode area / electrolyte volume ratio [5]. Nowadays it is often used also for µ-sized 
metal electrodes with a radius smaller than 25 µm, more correctly named ultramicroelectrodes 
(UMEs) [5]. Another important kind of microelectrode system is based on microcapillaries. 
 
UME discs are typically created by embedding a thin wire of metal like Pt in glass or epoxy, 
and carefully polishing a cross-sectional area to expose a circle of pure metal [5]. Smaller 
electrodes and nanoelectrodes can be made by thinning wires embedded in quartz using a so-
called micropipet puller [212-215]. These devices are normally used for local heating and 
pulling of glass capillaries so that they develop a fine open tip at the end (Figure 5). UMEs as 
small as 1-35 nm in diameter have been reported applying this technique [212, 213, 215]. 
Other approaches for the manufacture of nanoelectrodes and nanoelectrode arrays for 
different purposes are based on carbon nanotubes [216], on the use of (electron beam) 
lithography, templates (e.g. porous alumina, HOPG [217], deposition of Au on metal 
nanowires embedded in a passive matrix grown by directional solidification of NiAl–Re or 
NiAl-W eutectics [218, 219]), focused ion beam milling [220], chemical etching of wires (in 
part combined with sputtering [221]) and isolation of all but the very tip (as in the preparation 
of STM tips) [214]. The latter approach allowed the manufacture of nanoelectrodes with 
diameters down to ~ 2 nm [214]. 
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The application of ultramicroelectrodes in electrochemistry is complementary to experiments 
with mm-sized electrodes. In order to change the potential of an electrode to a new value, the 
double layer must be charged according to its capacity, and the capacitive current has to pass 
through the electrolyte. This process is characterized by the cell time constant, which is given 
by the product of uncompensated resistance between WE and RE and the double layer 
capacity of the electrode. In the case of mm-sized electrodes the time constant is of the order 
of ms, whereas with microelectrodes it is in the range of µs. Therefore fast processes taking 
place on shorter time scales can be studied, such as fast chemical reactions coupled to 
electrochemical reactions. Diffusion processes can be studied while the diffusion layer is still 
rather thin. In voltammetry the useful range of scan rates can be increased up to 106 V/s, 
because the lower time constant and the smaller effect of uncompensated resistance lead to a 
reduced distortion of the voltammogram. Diffusion experiments are expected to show linear 
diffusion behaviour at short time scales (while diffusion layer thickness is smaller than the 
electrode radius), but stationary diffusion behaviour at longer time scales (due to a radial 
diffusion component). Because of the onset of natural convection this transition cannot be 
observed for a macroscopic electrode. In the case of microelectrodes steady state 
measurements are no problem, because transition occurs at smaller diffusion layer thicknesses 
and therefore at shorter timescales. This facilitates determination of kinetic parameters. In 
linear sweep and cyclic voltammetry steady state voltammograms (radial diffusion) can be 
recorded up to v ~ 100 mV/s. The linear diffusion regime can be probed at high scanrates. 
Further advantages of UMEs are the measurements in highly resistive media (reduced IR-
drop), their local probe capabilities, the applicability for measurements in small volumes 
including living cells [222], reduced need of materials and the possibility to create arrays. 
Hemispherical electrodes with a diameter of 50 nm and less deviate in their behaviour from 
classical diffuse double layer theory, because curvature effects become significant [223].  
 
Steel ultramicroelectrodes have been applied for corrosion studies as well. Newman and 
Ajjawi investigated the influence of nitrate on inhibition of pit propagation after growing a 
stable pit into a 50 µm 304 stainless steel at controlled potential [224]. Riley at al performed 
pit initiation studies on 10 µm 18Cr-8Ni stainless steel electrodes because of the ability to 
monitor faster events and because of the reduced background current [225]. They indeed 
observed current transients in the pA range, and associated them with the presence of sulphide 
inclusions. Pistorius and Burstein studied the effect of chloride concentration and pH on 
metastable pitting [226], whereas Burstein and Ilevbare found an increase in pitting potential 
with decreasing specimen area [227]. Such observations were later confirmed by 
microcapillary techniques (see below). 
 
Besides applications in fundamental studies on electrode kinetics and in electroanalytical 
chemistry, metal microelectrodes can be used as auxiliary electrodes in local mapping 
techniques like the scanning electrochemical microscopy technique (SECM), scanning 
vibrating electrode technique (use of a vibrating microelectrode as a sensor for potential 
gradient in solution), and the scanning Kelvin probe. The SECM technique can also be 
applied for microstructuring. Also the tip of an STM or an AFM can – in part after 
metallization – be employed as a microelectrode. Such approaches open a path for 
nanostructuring of a surface. A well known example is the deposition of small Cu islands on a 
gold surface, as originally performed by Ullmann, Will and Kolb [228, 229]. In these studies 
the potentials of both the STM tip and the gold substrate were controlled. The potential of the 
gold surface was held at a potential where a Cu UPD monolayer was present on the surface. 
The potential of the STM tip allowed slow Cu deposition on the tip. By approaching the STM 
tip close to the surface and applying a small potential step of a few tens of mV to the substrate 
(in the negative direction), the sign of the tunnel voltage changed, “jump to contact” occurred 
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and a small Cu island could be deposited precisely at a predetermined position. The height of 
the island could be varied by changing the size of the potential step (smaller potential steps 
causing an increase from 0.3 to 1.5 nm) [228], the magnitude of the tunnel current [228], or 
the integral feedback gain of the instrument [229]. The authors concluded that the Cu was 
transferred from the tip to the substrate during the contact, without damaging substrate or tip. 
It was also shown that the method could be applied to other systems, like Pb on Au(111), Ag 
on Au(111) [229], Pd on Au(111) [230] and Pb on Ag(111) [9], all UPD systems. A certain 
minimum approach between tip and substrate was necessary for the jump to contact to occur 
and material to be transferred, which defined a lower cluster size limit, whereas an upper limit 
was given by a direct contact between surface and tip (crash) [231]. Clusters could be grown 
to larger sizes by subsequent normal electrodeposition [9]. In the case of the non-UPD system 
Cu on Ag(111), where despite a strong interaction between Cu and Ag no UPD is taking 
place, formation of two-dimensional Cu islands instead of Cu clusters was observed [229], 
and in part several islands of different size were formed during a single approach [9]. Later 
automated systems were developed which allowed to “write” arrays of metal clusters on a 
foreign metal substrate in a short time. The creation of such arrays is of interest for 
fundamental studies on electrocatalysis, where however a minimum number of clusters needs 
to be presented in order to enable electrochemical measurements [231]. Examples for such 
arrays were a 20 x 20 array of Pd clusters on bare and UPD-Pd covered Au(111) (depending 
on substrate potential) [230], the deposition of a 100 x 100 array of Cu clusters on Au(111) on 
an area of 1.1 x 1.1 µm2 [231], and the deposition of 25000 Pd clusters on Au(111) [9] The 
deposition on surfaces modified with a self assembled monolayer was also feasible under 
certain conditions [9]. The direction of mass transfer during the jump to contact was shown to 
depend on the cohesive energy: The deposition of Ni clusters was not possible, because the 
Au atoms instead were transferred from the substrate to the Ni coated tip [9]. The recent 
progress in the field of ionic liquids finally allowed also the deposition of clusters on Zn and 
Fe in regular arrays on gold surfaces [232, 233]. 
 
A different approach utilises the concentration dependence of the equilibrium potential for the 
deposition of nanoclusters [60]. A certain amount of metal is slowly electrochemically 
deposited on the STM tip. The substrate potential is close to the equilibrium potential at the 
bulk concentration. A potential change of the STM tip to large positive overpotentials causes 
a rapid dissolution of the metal, and therefore a strong concentration increase and 
consequently a positive shift of the deposition potential at the substrate surface close to the 
tip. This was demonstrated for deposition of Co clusters on a gold substrate: the cluster size 
was determined by the size of the tip apex, and larger than clusters made with the “jump to 
contact” technique [60]. Cluster heights of 7.5 nm and diameters of < 15 nm have been 
obtained [234]. The method was also applied for the deposition of Pb clusters on hydrogen 
terminated n-Si(111) [235]. 
 
Schuster et al. applied microelectrodes as a tool for the micromachining of electrochemically 
active work pieces [236]. They applied ultrashort voltage pulses (tens of ns) between work 
piece and tool. Because of the finite time required to charge the double layer the work piece 
achieved the potential required for dissolution to occur only close to the surface of the tool. At 
positions remote from the tool, the larger distance led to a higher ohmic resistance of the 
electrolyte and therefore to charging times longer than the pulse length. By moving the tool 
with an x,y,z-stage then very fine structures were inscribed into the workpiece. The presence 
of passivating layers had to be avoided. The resistance of a passive layer will influence the 
time constant, but does not depend on the distance between work piece and tool [237]. For 
some materials the use of an ionic liquid instead of an aqueous electrolyte can prevent 
passivation of the surface [238]. In addition the relatively large resistance of the ionic liquid is 
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beneficial [238]. Other non-aqueous solvents like DMSO were used as well [239]. Apart from 
(not-embedded) cyclindrical microelectrodes also differently shaped tools were employed, 
like a loop from Pt wire [240], STM tips [241] and W-tools (starting from wire with Ø = 100 
µm) with complex geometries patterned by focused ion beam milling, intended for faster 
microstructuring of large areas [242]. An upper limit for the tool size is given by the large 
currents required to charge the double layer within ns [237]. Decreasing the pulse length 
down to 500 ps allowed to increase the spatial resolution to below 100 nm [241]. A 
modification of the technique using an AFM tip as tool allowed an even finer nanostructuring 
of thin metal films, and was termed electrochemical nanolithography [243]. In a different 
approach, the local depletion of the electrolyte in the small gap between an STM tip and the 
substrate surface was exploited for nanostructuring [244]. During application of nanosecond 
pulses, the double layer charging consumed most ions, which lead to a suppression of 
electrochemical reactions everywhere but in a small region at the apex of the tip. In this 
region, distance between tip and substrate was only a few monolayers of solvent, and the 
double layers consequently interacted. This allowed highly localized dissolution of the 
substrate or deposition of small metal (Cu) monolayers (~ 5 nm diameter).  
 
An early driving force for the development of microcapillary-based electrodes was the need of 
physiologists and neuroscientists to measure voltages across cell membranes, pH in single 
cells or tissue, and concentrations of neurotransmitters [245-247]. Later on these methods 
were then adapted for spatially resolved investigation of (localized) corrosion and the 
monitoring of local pH variation [248, 249]. These capillaries typically have a diameter in the 
mm range over most of their length, but their very tip can be pulled to an extremely fine size 
in the µm range. This tip then is the point of contact of the electrode with the object under 
study. The capillaries can have a single channel, consist of several fused capillaries, or be Θ-
style, which means that the capillary is divided by a thin glass wall into two channels (Figure 
5). Microcapillary based electrodes can provide local pH probes, local reference and local 
counter electrodes. For the latter two the corresponding electrodes can be inserted directly 
into the back part of the capillary after backfilling with electrolyte solution, or the capillary 
can be connected to a larger solution reservoir that holds the reference and the counter 
electrode. If necessary a hot Agar / KCl solution can be filled into the very tip of the reference 
before filling with electrolyte. This enhances the stability of the microelectrode with respect 
to electrolyte loss, but increases its impedance. The creation of a pH sensitive channel starts 
by hydrophobizing one side of a Θ-style capillary with a solution of trimethylchlorosilane in 
xylene followed by heating under an IR lamp [245, 247]. Thereafter the tip is filled with a pH 
sensitive membrane, like a solution of 8 mg hydrogen ionophore II cocktail A (Fluka) and 3 
mg polyvinylchloride (PVC) powder in 90 µl Tetrahydrofuran. PVC serves for stabilization 
purposes only. After evaporation of the THF a proton conducting solid membrane is obtained. 
The channel is completed by backfilling with electrolyte of defined pH, like with a buffer 
solution of 0.1 M KCl and 0.01 M imidazole, and insertion of an Ag/AgCl wire. It is also 
possible to fill the tip with the pure ionophore cocktail, which serves then as a liquid 
membrane [248]. 
 
Schneider and Kelly constructed pH based microelectrodes with integrated reference 
electrodes based on the capillaries shown in Figure 5 for the measurement of local pH and 
local potential in individual coating blisters on AA2024-T3 [85, 121]. Such microelectrodes 
based on proton conducting organic membranes show in a wide pH range a linear relationship 
between pH and voltage measured between pH and reference channel (Figure 6). A tip with a 
rather short taper and large diameter was used in order to be able to pierce the coatings above 
the blister without destroying the tip. That way it was possible to analyze the occluded 
solutions in individual blisters. These measurements were complemented by an extraction 
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technique for small solution volumes as small as a few hundred nm [77, 78]. Extracted 
solutions were analyzed for ionic composition using capillary electrophoresis. An example for 
an AA2024-T3 specimen coated with an epoxy-polyamide primer exposed to 0.1 M Na2SO4 
with pH adjusted to 3.5 is shown in Figure 7 [121]. 
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Figure 6. Calibration curve of pH-microelectrode before (filled circle) and after measurements 
of the local pH and potential in coating blisters. The calibration points were obtained by dipping the 
electrode into different pH buffer solutions and measuring the voltage between the two channels. 
Lines: Linear fits. 
 
The specimen shows extensive corrosion after 13 day of immersion. Even though it must be 
expected that the coating has become quite transparent for ions, there is still a variation in pH 
between 4 and 5. The more acidic blisters show large amounts of Al in the electrolyte whereas 
there is little electrolyte in the higher pH blister, where the entire corroded Al has precipitated 
as solid corrosion products. The corrosion potential tentatively becomes more negative at 
pH<3.5. 
 
Capillary-based electrochemical microcells enable localized electrochemical measurements 
on heterogeneous substrates like any polycrystalline metal exposing differently oriented 
grains, heterogeneous aluminum alloys and alloys containing impurities like MnS inclusions. 
An early version of such a setup was presented already 1972 by H. Lajain [250]. A small 
droplet was only placed at the position of interest using a capillary, and the resolution was 
between 100 µm and 3 mm. For higher resolution combination with a kind of masking 
technique was needed. Suter, Böhni and co-authors attached an improved capillary-based 
microcell to the nosepiece of an optical microscope [251-253], whereas Hassel and Lohrengel 
designed a scanning droplet cell attached to an x,y,z stage [254]. Only a small part of the 
working electrode with a diameter in the order of the tip diameter (1-1000 µm) is exposed to 
electrolyte in these studies. The capillary is backfilled with electrolyte using a microsyringe or 
a micropump, and a small droplet at the tip establishes contact with the specimen surface. 
Droplet size and shape are controlled by its weight, the surface forces and the capillary force 
[255, 256]. In most setups however a silicon rubber seal at the end of the capillary prevents 
leakage of the electrolyte [253, 256, 257]. The (unpulled) backside of the capillary can be 
attached to an electrolyte-filled holder that provides contact to reference and counter electrode 
[253, 257]. Alternatively a microreference electrode together with a thin wire as counter 
electrode can be placed inside the capillary [255]. Combined with a microscope these setups 
allow accurate positioning of the cell at points of interest of the substrate. The reduced area 
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leads to smaller background currents, which in turn can facilitate measurements of small 
current signals, for instance those corresponding to individual pit nucleation processes or to 
small metastable pitting events [253]. The smaller size requires current measurements in the 
pA – fA range, increasing the sensitivity to electromagnetic disturbance. Therefore shielding 
and low noise power sources may be required to perform such studies. A lower useful limit 
for the tip diameter of about 1 µm has been identified when passive surfaces with a high 
polarization resistance are studied [257, 258]. In addition, Vogel and Schultze developed a 
microcell not based on a capillary, but on microstructured glass panes, also with a silicon 
rubber seal [259]. This cell also allows incoupling of light for photoelectrochemical studies or 
surface modification. The different setups can be connected to syringes and/or micropumps in 
order to fill the capillary with electrolyte or to exchange the solution. Some important aspects 
regarding the application of capillary cells were highlighted by Birbilis et al. [260]:  
 The large ohmic resistance of the capillary scales with the exposed sample area, and 
can distort obtained responses during electrochemical measurements. 
 Errors are introduced when using too large scan rates in order to avoid problems with 
e.g. leakage and blockage of the capillary tip by corrosion products, because of the 
finite time for double layer charging and for obtaining a steady state response 
 Mass transport issues and non-stationarity may be a problem in the case of impedance 
spectroscopy. Therefore the authors suggested to measure impedance by Fourier 
transformation of time domain data. 
 Problems with mass transport can occur especially with respect to limiting currents 
due to the small solution volume, and the limiting currents have been shown to 
decrease with tip radius.  
 
Oltra et al. explained the latter point and pointed out an important issue regarding corrosion 
measurements where oxygen reduction is the major cathodic reaction [261]: the silicon rubber 
seal allows rapid transport of oxygen from the air around the microcapillary to the metal 
surface under investigation, thus preventing the occurrence of limiting currents and altering 
the cathodic behavior. Application of an Ar atmosphere around the capillary dramatically 
decreased cathodic currents measured on a Pt surface. 
 
Jorcin et al. compared impedance measurements with microcapillaries to global impedance 
data and LEIS data (cmp. Section 3.4.2) measured with a scanning bi-electrode [262]. They 
took a 316L stainless steel in NaCl solutions of different concentration as a model system. 
With microcapillaries they observed a time constant in the high frequency range unrelated to 
the specimen properties that was due to the potential distribution within the microelectrode. 
At lower frequencies the agreement with the global measurements was reasonable, except that 
there was indication of a second time constant, possibly related to the silicon rubber seal. 
 
Microcapillary approaches were later modified in order to enable more sophisticated 
measurements. Eng et al. modified a setup mounting the sample on a stainless steel membrane 
with a piezoelectric sensor, allowing them to establish a non-contact feedback mode for 
capillary approach to the sample in order to enable scanning capillary microscopy [263]. 
Staemmler et al. used a modified approach with a laser-based feedback system [264]. In the 
work of Assi et al. a small Al2O3 tube was incorporated in the microcapillary, which was 
brought into contact with the sample at controlled load and rotated in order to perform 
experiments on tribocorrosion [265]. The method was then applied to different materials used 
for human implants [266]. In other studies a pH microelectrode or a pH-sensitive metal wire 
was inserted into the capillary for local pH measurement during the microelectrochemical 
experiments [258, 267, 268]. Local probes for sulfide and thiosulfate were inserted as well 
[268]. Insertion of a second capillary permitted electrolyte flow during the experiment [258], 
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which also helps avoiding mass transport problems. A more sophisticated approach permitting 
strong electrolyte flow to enable applications requiring high current densities like 
electrochemical machining was developed by Lohrengel et al. [269]: These authors removed 
part of the wall of a Θ-style capillary (cf. Figure 5) close to the tip, and used one of the 
channels as electrolyte inlet and the other one as electrolyte outlet. In one of the channels a 
wire was inserted as counter electrode. Electrolyte was pumped through the capillary with the 
aid of a gear pump, and electrolyte flow rates up to 75 m/s were achieved. 
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Blister pH1 pH2 OCP color 
A 5.0 ± 0.2 4.6 ± 0.3 -0.530 red 
B 3.9 ± 0.2 3.4 ± 0.2 -0.666 grey-green 
C 4.3 ± 0.2 3.8 ± 0.2 -0.514 red 
D 3.9 ± 0.2 3.5 ± 0.2 - grey-green 
E 3.9 ± 0.2 3.5 ± 0.2 -0.679 grey-green 
F - - -0.577 grey-green 
G - - -0.575 red 
 
Figure 7. Local chemical and electrochemical properties inside coating blisters on AA2024-T3 
after 13 days of exposure to 0.1 M Na2SO4 solution with pH adjusted to 3.5. Numerous blisters are 
visible on the substrate, some of them red in color, some of them grey-green. Local pH (index 1 and 2 
refer to the calibration curves in Figure 6) and OCP of selected blisters are given in the table, and the 
ionic composition of two of the blisters is shown in the bar diagram. 
 
Pilaski et al. built a special current-to-voltage converter in order to enable impedance 
measurements with a capillary-based microcell, considering the application of such a 
technique for the localized electrochemical characterization of technical microstructures as, 
e.g., present in printed circuit boards [270]. Mardare and Hassel developed a fully automated 
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scanning droplet cell setup permitting accurate positioning of the capillary for the purpose of 
high throughput screening of materials and obtained – with the aid of a silicon seal – very 
reproducible exposure areas [271]. They tested the setup by writing an array of oxide spots of 
different thickness onto a sputter-deposited Hf film. 
 
In humid atmosphere, between an AFM or STM tip and a substrate condensation of water 
occurs, forming a water meniscus between tip and substrate of (a few hundred) nm dimension 
(controlled by size of tip apex) [272, 273]. Therefore a two electrode nanocell is formed. This 
configuration is less versatile than the electrochemical microcell, but it permits to write oxide 
structures with nm resolution by application of a voltage between substrate and tip. The water 
is different from bulk water, and presumably no classic Helmholtz layer exists [273]. 
Examples for applications are the local growth of SiO2 on Si or of TiO2 on Ti [272]. 
 
2.2.2. Microelectrochemical studies of bare metals and alloys 
Böhni, Suter and co-authors studied pit initiation in stainless steels of varying sulphur content 
in electrolytes of different chloride content with the microelectrochemical cell [251-253]. 
They correlated metastable pitting events with the dissolution of MnS inclusions, taking place 
even in (nominally) chloride-free environments. Not all inclusions were found to be active. At 
higher chloride concentration more and larger pitting events due to the dissolution of smaller 
inclusions were observed, and pit growth was stabilized. An increase in the diameter of the 
capillary and thus the exposed area of metal led to a decrease in the pitting potential, 
supporting the notion that only large inclusions will develop conditions for stable pit 
propagation. The corrosion suppressing effect of molybdenum as an alloy component was 
found not to decrease the pit nucleation frequency, but rather to improve repassivation [274]. 
Therefore stainless steels with 6% Mo (DIN 1.4529) did not show breakdown even at elevated 
sulphur content (0.022%), except at very high (10 M) chloride concentration, even though the 
MnS inclusions dissolved [275]. A linear dependence between current noise in the passive 
region of stainless steels and the exposed area was found. Computer simulations indicated that 
this can only explained by a dependence of the size distribution of inclusions on the exposed 
area. The authors derived a correlation between pitting potentials of stainless steels and the 
size of (MnS) inclusions [274]. The local pH was found to decrease during dissolution of the 
inclusion and especially after onset of stable pitting, where the hydrolysis of dissolved metal 
ions contributed to the acidification [267]. The pitting potential was lowest at the interface 
between MnS inclusion and the bulk steel, where formation of a crevice/pit within the alloy 
was observed [258]. No pitting was observed when the microcell was placed on a part without 
(detectable) inclusion [258]. The application of mechanical stress facilitated stable pitting at 
single inclusions [258]. At higher temperatures faster dissolution of MnS inclusions and a 
higher propensity for stable pitting of AISI 304 stainless steel were found and explained with 
a higher dissolution rate of the metal and impeded repassivation [276]. High temperatures (90 
°C) and large chloride concentration caused pitting initiation also at surface positions other 
that the interface to MnS inclusions [276]. Webb and Alkire carried out further studies on the 
role of sulfide inclusions on 304 stainless steel [268]. In case of shallow MnS inclusions they 
found an increase in dissolution rate of the inclusion with increasing chloride concentration, 
and metastable pitting events. Evidence for an eventual passivation of the inclusion was 
found. In the absence of chloride the inclusion still dissolved, and no metastable transients 
were seen. The addition of a certain amount of thiosulfate to chloride containing solutions 
initiated stable pitting onset during MnS dissolution, whereas large amounts of S2O32- 
suppressed stable pitting. At the interface between steel matrix and deep MnS inclusions 
stable pits initiated in chloride containing solutions. The authors also found local pH decrease 
during MnS dissolution, metastable pitting, and stable pitting, no release of sulfide ions 
during MnS dissolution in neutral electrolytes, and evidence for the production of S2O32- ions 
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during the electrochemical dissolution of MnS [268]. They finally formulated a model where 
the presence of a critical concentration of S2O32- ions in the crevice between inclusion and 
steel prevents repassivation of the steel, leading to stable pitting. Numerical simulation then 
permitted to calculate pitting potentials [277]. Muto et al. studied the relationship between 
pitting and MnS dissolution in sulfate and chloride solutions, and combined 
microelectrochemical polarisation studies with SEM of corrosion morphology [278]. They 
suggested that in chloride solution MnS dissolution alters the local solution composition, 
causing the growth of polygonal metastable pits at the interface steel/inclusion, and then a 
stable polygonal pit turning later into a hemispherical pit. Later on they modified the 
inclusions by heat treatment and could increase the pitting potentials [279]. 
 
Perren et al. performed bulk and microelectrochemical corrosion studies on super duplex 
stainless steels differing in composition [280]. Whereas the bulk samples did not reveal their 
two-phase nature during the macroscopic experiments, the individual contributions of the 
austenite and ferrite phases were clearly revealed in microelectrochemical measurements in 
the phase boundary region in acidic chloride solutions. Either a simple superposition of the 
potentiodynamic scans was observed or the formation of a galvanic couple. The relative 
corrosion susceptibility of the individual phases depended on the exact composition and 
therefore heat treatment during preparation, especially with regard to nitrogen content, and 
correlated quite well with the so-called pitting resistance equivalency number (PREN) [280]. 
In an subsequent study the authors studied the behavior of precipitates like chromium nitrides, 
σ-phase, and secondary austenite [281]. Park et al. measured local polarization curves on the 
ferrite and austenite constituent phases in chloride-free solutions 1 [282]. They obtained for 
both phases anodic dissolution peaks, but at different potentials. The ferrite was 
electrochemically more active. The authors also studied the behavior of phase mixtures 
formed by decomposition of ferrite at 800 °C and by spinodal decomposition of ferrite at 450 
°C. In both cases these phase mixtures were more active than the parental ferrite compound. 
 
Lill et al. studied the grain-dependent dissolution of FeCrAl alloys by cyclic voltammetry at 
50 mV/s in 0.5 M H2SO4, finding that (001) oriented grains showed higher dissolution 
currents / critical passivation current densities than (111) oriented grains [283]. For pure Fe it 
was found that (101) and (111) oriented grains corrode faster in an acetate buffer than (100) 
grains, which however develop the thickest oxide layer [284]. This behavior was qualitatively 
explained by combined effects of the atom density in the surface, the distance to the second 
layer (bonding strength for atoms in topmost layer), and the accessibility of the second layer. 
In a typical electrolyte for electrochemical machining (250 g/l NaNO3) the currents in the 
passive region were largest for (100) grains, and also the oxygen evolution reaction at 
elevated potentials showed a distinct dependency on crystallographic angle [285]. Under 
ECM conditions (42 A/cm2) dissolution of (111) oriented grains was fastest [285]. Hodges et 
al. studied passive layer breakdown events with pA-peak currents on alloy C-22 in chloride 
solutions below the critical pitting potential, where no pit stabilization can occur [286]. The 
method was also applied to the corrosion of dual phase iron aluminides [287]. Apart from 
corrosion work also other electrochemical studies have been performed, like cyclic 
voltammetry and scanning impedance spectroscopy on coarse-grain gold [255], cyclic 
voltammetry of single cementite or Ni(OH)2 particles immobilized on Au [270], and 
deposition of submicron Cu dots [288] 
 
Another field of study where microelectrochemical measurements have been applied is the 
electrochemistry and passivation of valve metals (Al, Ta, Nb, Ti, Zr, Hf) [254, 256, 270, 289]. 
These metals typically are characterized by good passive layers that often can be grown 
further by anodization to larger thickness, and therefore display superior corrosion resistance. 
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The electrochemical properties and the passive film growth of these metals depend on the 
crystallographic orientation of the individual grains. Grain orientation is typically determined 
by electron back scattering diffraction (EBSD). Capacitance measurements at fixed frequency 
permitted to map the local oxide thickness for electropolished Hf [270]. Schultze and co-
authors published a detailed cyclovoltammetric study on local oxide growth on Zr, Nb and Ta, 
and determined local formation potentials, oxide thicknesses and capacities [289]. For Nb and 
Ta (bcc structure) they found that the half height potential and thus the initial oxide thickness 
depended on the orientation of the grain: Grains with more densely packed atoms showed a 
reduced oxide thickness. This observation was also seen in a small difference of the formation 
potential that was determined from extrapolation of the linear part of a plot of the reciprocal 
capacity versus the applied potential. In Zr (hcp structure) the behaviour was more complex, 
and the shape of the voltammogram depended clearly on both crystallographic angles (ϕ and 
ϕ2 taken with respect to (0001)). Capacity curves showed indications for phase 
transformations. The oxide formation factor (in nm/V) increased for ϕ > 30° while the oxide 
formation potentials decreased by more than 1 V. Therefore it was concluded that the free 
energy of oxide formation was strongly orientation dependent for Zr [289]. There is also a 
great interest in alloys of valve metals, especially in order to achieve a good compromise 
between materials performance and cost. However, the variation of the metallurgical 
properties of such alloys as a function of composition can be complex, and the preparation of 
corresponding bulk alloy specimens for testing is challenging [290]. Therefore Mardare et al. 
sputter-deposited such alloys onto Si wafers using two sputter targets simultaneously in a 
way, that the ratio of the constituting elements varied continuously from one end of the 
specimen to the other. Basically in one step they managed to sputter an entire Ti-Ta library 
with a Ti content of 2-76 % Ti, and a compositional gradient of 0.25 at%/mm [290]. The 
oxide formation on this alloy and the corresponding oxide properties (dielectric constant, 
resistivity, flat band potential) then were studied with the scanning droplet cell [290]. 
 
Microelectrochemical cells have also been applied to study the behaviour of pure Al [38, 254, 
291] and especially of heterogeneous Al alloys [31, 38, 204, 292-296]. Suter and Alkire used 
capillaries of 20-100 µm diameter in order to study the interaction between several inclusions 
on AA2024 [38]. Small areas showed increased pitting potentials, corrosion potentials and 
higher cathodic current densities. The pitting potentials spread also over an extremely large 
potential range for the microcapillary measurements, but this range decreased at higher 
chloride concentrations. Pitting potentials for areas with Al-Cu-Mg particles were 200-300 
mV more negative than areas with only Al-Cu-Fe-Mn particles, and particle-free areas 
showed even higher pitting potentials. Pitting was found to initiate at the interface between 
matrix and Al-Cu-Mg particles or underneath and around a Cu-rich remnant, depending on 
actual pitting potential. Pitting at Al-Cu-Fe-Mn particles also started at the interface and 
involved preferential dissolution of Mn and Fe [38]. The work of Andreatta et al. focused on 
the role of Al7Cu2Fe and (Al,Cu)6(Fe,Cu) intermetallics in AA7075 [295]. Wloka and 
Virtanen correlated small current transient seen in microelectrochemical studies on AA7010-
T76 with the dissolution of 100 nm sized η-MgZn2 phases [296]. Eckermann et al. studied the 
effect of Mn content and surface roughness for two model alloys based on AA6016, finding 
an increase in Epit for smoother surfaces and a decrease for higher Mn content [294]. Further 
work included exfoliation like attack on AA6016 and the influence of Fe containing 
intermetallics and Mg2Si on corrosion initiation and propagation [292, 293]. Also the studies 
of Birbilis and Buchheit on intermetallic phases must be mentioned in this context [31, 204] 
that have already been discussed in Section 2.1.2.  
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2.2.3. Electrochemical impedance spectroscopy of coated metals and alloys 
Impedance spectroscopy is abundantly applied in electrochemistry and corrosion science, and 
a number of reviews and books have been published about this method. The present 
discussion shall focus on underpaint corrosion. 
 
Impedance spectroscopy is widely applied for the study of coated metals and alloys [89, 98, 
111, 116, 297-303]. A large body of work is dedicated to quality screening and testing of 
coated systems [303-305]. The emphasis of some works lies on developing a fast testing 
method to predict long-term performance of the coatings [116, 305]. Traditional tests of 
coated metals and alloys are performed in the so-called salt spray chamber, which are not 
always representative for the coating behavior in the field [99], or by field exposure tests in 
industrial and marine environments, which are very time consuming (many months or even 
years) [305]. 
 
Impedance tests can also be applied to follow coating degradation and underfilm corrosion 
with time. As long as the coating film is defect-free, the response is capacitive and the 
impedance controlled by the coating, even after formation of a blister [89, 99, 113, 306-309]. 
Ideally, this behavior leads to a straight line in the log|Z| vs. log f - plot with a slope of -1. The 
spectra can be fitted then with the simple Randles-type circuit in Figure 8a. Schneider and 
Kelly measured the impedance spectra of coated AA2024-T3 panels in chloride and sulfate 
electrolytes [85, 121]. In these studies Randles behaviour was seen within the first hours after 
immersion [72, 76], while the coating was still absorbing water [84]. The impedance at low f 
was very large, on the order of 1010 Ω cm2 at f < 0.05 Hz. The impedance at low f is often 
used to characterize the quality of coatings and is stable over years for excellent coating 
systems [309]. For coatings with defects, an equivalent circuit for a coated metal based on a 
single pore model has been given in literature, and was confirmed many times (Figure 8b) 
[297, 298, 300, 303, 310]. It contains the coating capacitance Ccoat, the resistance of ionically 
conducting channels in the polymer (Rpore), the double layer capacitance of metal in contact 
with electrolyte at the bottom of pores (Cdl or CPEdl), and the charge transfer resistance Rct. In 
the complex plane representation of impedance results (Im(Z) as function of Re(Z)), this 
circuit describes two (more or less) overlapping semicircles. The sum of Rct and Rpore will be 
referred to as Rcorr, and can be considered as a measure of the total corrosion resistance [311]. 
Often constant phase elements instead of capacities have to be used in order to compensate for 
non-idealities [90, 312, 313]. The major cause for the deviations from ideal capacitive 
behaviour is likely a distribution of time constants (Rpore • Ccoat) over the sample area and film 
thickness [313, 314]. The problem has been discussed extensively in literature, although 
controversy remains regarding its physical origins [90, 312-316]. Van Westing et al. 
correlated the constant phase element (CPE) of epoxy coatings with the curing of the coating, 
water uptake and mobility of polar groups in the coating [90]. For epoxy-coated AA2024-T3 
at longer immersion times, the modulus deviated from a straight line and the impedance data 
became more complicated (cf. Figure 9) [72, 76, 85]. The entire surface of the coated 
aluminum alloy contributes to the global impedance spectra as long as no blister has formed. 
Therefore the data could be fitted by the equivalent circuit from Figure 8b. Because the model 
is a single pore model, the fit results constitute an average over the entire surface (and 
therefore all pores) and a perfect agreement between fit and spectrum should not be expected. 
Good coatings are characterised by large values for Rpore even after extended immersion, in 
the range of ~108 – 1010 Ω cm2 [57, 305]. Models to determine the progress of delamination 
with time were suggested [98, 297]. However, other studies claimed that changes due to 
delamination were too small to inpact the impedance spectra sufficiently to derive accurate 
informations [89]. In addition, once blisters have formed, the impedance response usually 
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becomes more complicated, because the corroding metal surface has electrochemical 
properties different from the original ones at the bottom of the pores. 
 
The coating used in the experiments shown in Figure 9 was only a thin layer of clear epoxy 
without pigments, inhibitors, or topcoat [72, 76, 85]. It was supposed to be a model coating to 
study the processes associated with coating failure in a reasonable time frame, and was 
designed to not retain excellent protective properties. Therefore the impedance characteristics 
of these coatings changed very rapidly. |Z| at low frequencies decayed initially rapidly due to 
the uptake of water within the first hour of immersion [84, 98] which caused an increase in 
Ccoat and at the same time a decrease in OCP. Once water reached the interface between alloy 
and metal, the OCP rose to a high value, likely determined by the extremely low passive 
metal dissolution at the interface, and a very low oxygen reduction rate, and |Z| became 
constant until the passive layer under the coating broke down. Blister formation then was 
connected to a drop in OCP (cf. Section 1.3) and in |Z| [72, 76, 85]. 
 
 
a) 
b) 
 
c) 
Figure 8. Equivalent circuit used for analysis of impedance data measured on epoxy-coated Al 
alloys at early immersion times or at high frequencies (a), before blister formation (b), and after blister 
formation (c). Constant phase elements (CPE) were used instead of simple capacities, except for water 
uptake measurement. Rpore: pore resistance, Ccoat: coating capacitance, Rpol: polarization resistance, Cdl: 
capacitance at bottom of the pores, RL: a resistor, L: inductance; ZT: finite length Warburg impedance. 
ZT is described by RT (diameter of low frequency semicircle, decreases with increase in diffusion 
coefficient and decrease in diffusion layer thickness), YT, and an exponent P, which is 0.5 for ideal 
planar diffusion. 
 
After blister formation on AA2024-T3 the impedance spectra usually showed three 
semicircular capacitive arcs and one inductive loop in the complex plane [72, 85]. The circuit 
shown in Figure 8c (based on [116]) was used for data analysis in these cases. It was 
sufficient to describe the global impedance data over the full range of frequencies for most 
spectra after blister formation. The inductive loop was located between the two semicircles at 
lower f. It was sometimes very pronounced, whereas often it only caused a mild distortion of 
the spectra in that frequency range. The formation of a red blister caused a strong local 
decrease in both Rpore (see below) and Rpol, because of the rapid corrosion occurring there. 
R1 Rpore
Ccoat
R1 Rpore Rct
CPEdl
Ccoat
R1 Rpore Rct ZT RL
L
CPEdl
Ccoat
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The physical meaning of Rpore in the presence of a blister is discussed in Section 2.2.4. The 
circuit elements RL and L are discussed in [317, 318] and were used in [72, 85] to achieve 
reasonable fits. RL was usually smaller than Rct, sometimes by an order of magnitude. The 
occurence of pseudo-inductive behavior on corroding metals has been described in literature 
[116, 317, 318], and been related to pitting corrosion (in Al stable pit propagation), relaxation 
processes within corrosion product films, and adsorbed intermediates [116, 317, 319]. 
Grandle and Taylor [116] discussed it for coated Al alloy 3104-H19 containers and Bessone 
et al. [317] for uncoated pure aluminum in sodium chloride. The processes in AA2024-T3 are 
much more complicated than for pure Al because of the different intermetallic compounds 
present and the occurrence of Cu-replating. The low corrosion resistance, the aggressive 
solution composition inside the blisters, and the investigations on the corrosion morphology 
inside blisters clearly showed that stable and severe pitting occurred in some of them [85]. 
 
Built-up of corrosion product in the blister or clogging of pores in the coating leads to the 
appearance of a Warburg impedance [72, 98, 113, 116, 299, 304], and often dominates the 
impedance response [113]. It is described by a finite diffusion Warburg impedance element ZT 
that accounts for diffusion processes [116, 317, 320]: 
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where d diffusion length, D diffusion coefficient, z number of transferred electrons, F the 
Faraday constant, c(x=0) surface concentration. Three parameters, RT, YT, and P therefore 
describe it. RT is the diameter of the low frequency semicircle, and YT = (d2/D)P. P is 0.5 for 
ideal diffusion processes. The model by Grandle and Taylor considers charge transport 
through the aluminum oxide passive layer as a diffusion-limited step. Corrosion took place 
within the coating blisters, and the presented local OCPs lay in the active range of AA2024 
for acidic chloride solutions. The observed diffusion process was therefore probably due to 
diffusion through solid corrosion products/scales, similar to the situation discussed in [317]. 
 
Sometimes impedance spectra become quite complicated, and can no longer be described by a 
simple equivalent circuit. 
 
From the time dependence of Ccoat one can determine the amount of incorporated water, 
because the dielectric constant of water is much larger than the one of the polymer film. This 
was done by Schneider and Kelly [85] by analyzing the impedance response of epoxy-coated 
AA2024-T3 panels during immersion in 0.5 M NaCl of different pH using only a frequency 
window between 20 and 200 Hz in order to avoid contributions from the metal/coating 
interface. The capacitances of the dry coatings (C0) before immersion were determined by 
extrapolating the early capacitance data to zero time (performing a linear regression). This led 
to εP between 4 and 4.5, which was in good agreement with literature data [99, 116]. Water 
uptake was then calculated in volume percent from the time-dependent capacitance data. The 
following formula given by Brasher and Kingsbury [97] was used: 
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Figure 9. Change of the impedance modulus of epoxy-coated AA2024-T3 panels (area exposed: 31 
cm2) with immersion time in different electrolytes [76]. 
 
The corrosion resistance (Rcorr) decayed more rapidly at low pH as well for thick as for thin 
films [85]. For a film exposed to NaCl at pH 2.5, the total decrease in Rcorr amounted to 
almost 4 orders of magnitude within one day. The general reduction in coating performance 
was smaller in neutral or weakly acidic solutions, and the formation of a blister was connected 
with a sharp drop in Rcorr. Thicker coatings always showed higher Rcorr under similar 
immersion conditions than thinner coatings. Blister stifling was accompanied by an increase 
of the impedance normalized to the blister area. The area corrected Rcorr increased with time, 
as well as the diameter of the low frequency semicircle and therefore the Warburg parameter 
RT. This supports the contention that diffusion through corrosion product scales controls RT 
[72, 111, 113]. RT scales, as does the total impedance, reciprocally with the actually blistered 
area. A decrease in RT by three orders of magnitude was seen for a sample exposed to pH 3.5 
NaCl caused by blister growth and by the formation of a second blister, which led to an at 
least 300-fold increase in blister area. 
 
The special behaviour of epoxy-polyamide coated AA2024-T3 is also revealed in Figure 9 
[76]. In sulfate at pH 4.1 the impedance modulus decays during the period of water uptake. 
Thereafter it remains constant for a long time. At a somewhat lower pH of 3.5 however it 
continues to decrease very rapidly, even faster than in 0.5 M NaCl at pH of 2.5. Fitting of the 
data showed that Rct and Rpore (the former being larger) and thus Rcorr decreased as well for pH 
≤ 3.5 (Figure 10). In parallel to the impedance decay, the above mentioned rapid and 
widespread coating delaminations took place. For pH = 4.1 Rcorr passed through a minimum 
and increased thereafter again. Rcorr for this specimen remained always above 4 MΩ until 
blister formation finally took place, leading to a decrease in Rcorr. 
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Figure 10. Change in corrosion resistance with immersion time of different epoxy-coated 
AA2024-T3 specimens exposed to 0.1 M Na2SO4 of pH 4.1 (left) and 3.5 (right). Please note the 
different scales. 
 
2.2.4. Electrochemical impedance spectroscopy with microelectrodes [72] 
Coating failure and underfilm corrosion are local processes. Therefore the impedance of the 
system will differ from site to site, and impedance spectroscopy only can give some averaged 
signals [69, 72, 306, 321]. In order to obtain local information, it is necessary to measure the 
impedance on a local scale as well. Such local measurements can be done by several 
techniques, either by localized electrochemical impedance spectroscopy (LEIS), which is 
based on a local current and in part also a local potential probe scanned in close proximity 
across the surface [68, 69, 306, 322-325], or by microelectrodes based on micro capillaries 
(see also Section 2.2.1, MEIS) [38, 72, 251, 254, 257], or by use of a scanning 
electrochemical microscope in the AC mode (AC-SECM) [321]. LEIS and AC-SECM also 
allow mapping of the surface at a given frequency, which can provide diagnostic information 
about the early stages of the corrosion process [68, 69, 306, 324]. Thereafter it is possible to 
record the local impedance spectrum at positions of interest. More details about LEIS will be 
given in Section 3.4.2. MEIS allows to perform measurements inside a blister (without 
contribution of the coating to the impedance) as well, and thus to separate the influence of 
coating and corroding substrate [72]. However, this type of experiment damages the coating. 
In literature, studies on artificial blisters with auxiliary electrodes underneath the coating have 
been reported, which also allowed separating the influence of coating and substrate [326, 
327]. 
 
Schneider and Kelly performed electrochemical impedance spectroscopy with rather simple 
microcapillary electrodes on coating defects in epoxy-coated AA2024-T3 [72] in order to 
study the contribution of different coating defects on the surface to the overall impedance. 
The coating thickness ranged from 10 to 50 µm. The samples were exposed in an 
electrochemical cell to 0.5 M NaCl at different pH. Microelectrodes for current measurements 
consisted of pulled double-barrel glass capillaries (θ-style, Warner Instruments) with an outer 
glass diameter of 1.5 mm and tip diameters of 50 µm (cf. Figure 5). One barrel was filled with 
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3 M KCl / 1 wt%-Agar gel at the tip and then with 3 M KCl, and served as reference electrode 
channel (RE). The other barrel was filled with 0.5 M NaCl and served as counter electrode 
(CE). An Ag/AgCl electrode was inserted into each channel. For microelectrode 
measurements, the samples were disconnected from the cell, rinsed with Milli-Q water and 
the surface carefully dried under an air stream. The microelectrodes were approached to the 
sample (WE) under microscope control. Some microelectrode measurements were performed 
by placing a small droplet (~ 10 - 100 µl) on the interesting sample location. In other cases, a 
blister was pierced and the microelectrode measurements were taken with the microelectrode 
tip inside the occluded solution of the blister. This allowed separating the contribution of the 
coating to the impedance response.  
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a) b) 
Figure 11. a) Local potentials measured on different parts of a coated AA2024-T3 substrate after 21 
days of immersion in 0.5 M NaCl. b) Polarization scan on red blister of the same specimen measured 
with a microcapillary-based electrode. 
 
The correct operation of the microelectrodes made only from double-barrel capillaries, 
without attaching external electrodes via salt bridges, was verified by comparison of a normal 
impedance spectrum of a fully immersed specimen with two blisters with a normal 
configuration (global spectrum) with one where the microelectrode channels replaced Nb/Pt 
counter and SCE reference electrode, respectively. Reasonable agreement was found. At 
lower frequencies the shape of the spectra in the complex plane plot was very similar, 
showing two overlapping semicircles, except that the microelectrode impedance data were 
shifted to larger values of Re(Z) by 2.3 kΩ. During fitting, this had an impact on the solution 
resistance value, but all the other parameters could be determined accurately. At high 
frequencies the data recorded with the microelectrode showed a large inductive loop, which 
was explained by the influence of the current distribution and the high impedance of both 
channels of the microelectrode. The current distribution using a microelectrode to measure the 
impedance of a fully immersed panel is highly asymmetric, because all the current needs to 
pass through the microelectrode (channel area at tip: ~ 10-5 cm2). The strong impact of current 
distribution effects on impedance data has been discussed in detail by Fleig and others using 
finite element simulations [328]. The latter assumption was supported by the observation that 
a higher impedance of the local substrate seemed to reduce the artefacts. Better agreement 
also was found for a specimen with a single blister between the global impedance spectrum 
and the local one measured in a small droplet placed on the blister (cf. Figure 12). 
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For immersion in near-neutral NaCl it was shown that the potentials of red blisters ranged 
between -0.73 and -0.8 V whereas they were somewhat lower in acidic NaCl (Figure 11), 
typical values for corroded AA2024-T3 in chloride solutions. The unattacked area still 
showed passive potentials of ~ -0.37 V (Figure 11). Polarisation curves recorded with the 
microelectrodes gave polarisation resistances of 6.7 kΩ cm2 after immersion in neutral and 1.6 
kΩ cm2 in acidic NaCl. Interestingly, despite extended immersion times in 0.5 M NaCl the 
polarisation resistance found on uncorroded areas was still about 80 MΩ cm2. This is one 
order of magnitude less than after two days of immersion, before blister formation. 
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        c)  
Figure 12. Impedance spectra measured on an epoxy-coated AA2024 specimen after 21 days of 
immersion in 0.5 M NaCl: a) last global impedance measurement b) spectrum measured with 
microelectrode on top of coating blister c) spectrum measured with microelectrode within coating 
blister after piercing the blister. High frequency part is shown enlarged in the inserts. 
 
Comparison between global impedance spectra on a specimen with a single blister and the 
local impedance spectra measured on top and within the blister showed that for this type of 
samples the blister controls the global impedance spectrum entirely (Figure 12) [72]. It was 
characterized by three semicircles. The one at higher frequencies could be assigned to the 
properties of the blister coating (see Figure 12, inserts), because it disappeared upon piercing 
of the blister, and the remaining semicircles shifted to lower Re(Z). It was characterized by a 
coating resistance many orders of magnitude less than on the intact substrate, showing, that 
the coating properties deteriorated due to the action of the occluded electrolyte within the 
blister and the mechanical strain exerted on the coating. The semicircle at intermediate 
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frequencies was assigned to the corrosion reactions taking place within the blister (Rpol, Cdl), 
and the one at lowest frequencies to transport of Al3+ species through corrosion product built 
up within the blister (ZT). Blister formation was connected to a strong local lowering of both 
Rcoat and Rpol. Therefore procedures described in literature to estimate the amount of 
delamination from the impedance data could not be applied [98, 297]. The model parameters 
found by fitting were identical for measurements on the blister and within, showing that all 
the relevant electrochemical reactions are confined to the interior and the immediate 
surroundings of the blister. Galvanic coupling via the bulk electrolyte away from the blister is 
therefore insignificant, as long as the coating is intact away from the blister.  
 
On a sample with several blisters, information about local electrochemical properties can no 
longer be gained from global EIS [67, 72]. In a global impedance experiment all the different 
sample features are connected in parallel, and the area with the lowest impedance will 
dominate the overall impedance response, and also the globally measured OCP. This fact was 
demonstrated for a specimen with one large and one small blister. The global EIS spectrum 
was very close to the one of the large blister. The impedance of the small blister was much 
larger and therefore had a negligible influence on the global spectrum, and the calculated 
response of the two blisters in parallel was still very close to the spectrum of the large blister 
alone. Also the properties of the uncorroded areas, which might have changed after prolonged 
exposure, cannot be calculated from a global experiment. The influence of the uncorroded 
area on the total impedance response of the sample was calculated as well (correcting the data 
for total specimen area). Unfortunately, quantitative agreement between the theoretical 
spectrum and the real global spectrum could not be obtained because of the high-frequency 
artifacts. However, the general shape of the impedance response in the Bode Plot compared 
reasonably with the global EIS [72]. 
 
2.3. Applications of the (electrochemical) quartz crystal microbalance technique 
 
2.3.1. Overview of the method 
The electrochemical quartz crystal microbalance technique (EQCM) is an extension of the 
quartz crystal microbalance technique applied especially in vacuum deposition methods like 
sputtering as thickness monitor. Several reviews on the technique are available [329, 330]. A 
quartz resonator is an acoustic wave based sensor device, and takes advantage of the 
piezoelectric properties of quartz. Piezoelectricity is the effect that a mechanical stress applied 
to a crystal causes a potential difference, and it occurs in certain crystals with non-
centrosymmetrical space-group. Specifically EQCM is based on the converse piezoelectric 
effect: The application of a voltage across the crystal causes a mechanical deformation, and 
the application of an alternating voltage causes an oscillation of the quartz. Typically thin AT-
cut single-crystalline quartz discs coated with keyhole-shaped gold electrodes on each side are 
used for EQCM [331]. The application of a high frequency voltage induces transverse 
acoustic waves (thickness shear mode resonator), that are reflected at the crystal surfaces. For 
a given thickness (quartz + electrodes), there is a specific frequency where a standing wave 
can form by the interference of the original and the reflected wave, and this frequency is the 
resonance frequency of the quartz. The condition for the formation of a standing wave is that 
the thickness of the quartz including the electrodes equals half of the wavelength. The 
resonance frequency then depends on the shear modulus μ and the density ρ of the resonator. 
If a layer is deposited on one of the electrodes the layer interacts mechanically with the quartz 
and oscillates as well. Therefore the resonance condition changes and includes now a 
contribution from the inertial force of the deposited layer [330]. Thus the wavelength 
increases, and the resonance frequency decreases. From the change in resonance frequency 
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one can determine changes in the mass on the electrode with a very high sensitivity using the 
Sauerbrey equation [332]:  
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In this equation ΔfR is the measured change in resonance frequency, f0 is the resonance 
frequency of the uncoated quartz, Δm the change in areal mass density, and ZQ is the 
mechanical impedance of the quartz (8.849 · 105 g cm-2 s-1), which is determined by the 
density ρq and the shear modulus μq of the quartz. The Sauerbrey equation only can be applied 
if certain conditions are fulfilled: The deposited films must be acoustically thin and rigid, 
therefore it cannot directly be applied to viscoelastic layers. It assumes no slip conditions, i.e. 
that particle displacement and shear stress are continuous across the interface to the deposited 
layer. Also surface roughness causes problems during the application in electrolyte solutions. 
In general the observed frequency shift contains contributions from the medium in which the 
quartz is operated, from the pressure, temperature changes, from surface roughness and 
slippage, all in addition to the pure mass effect [330]. 
 
Other piezoelectric materials include lithium niobate [333, 334], langasite [335-339], and 
gallium orthophosphate [337, 340]. Especially the latter two materials can be used at much 
higher temperatures than quartz and are therefore suitable as high temperature nanobalances 
for sensor applications [335-339]. Besides the thickness shear mode other modes of operation 
are possible, and other types of sensor devices can be made from these materials.  
 
 
Figure 13. Butterworth-van Dyke equivalent circuit. The information about the resonance 
frequency is contained in Cm and Lm that represent the oscillating characteristics of the resonator, 
whereas energy losses are characterized by the resistance Rm. The mechanical impedance of a thin 
layer on the electrode or any contacting medium can be added in series in the motional arm. 
 
Often, mechanical oscillations of the quartz are electrically excited with an oscillator circuit, 
and the resonance frequency of the quartz is measured with a frequency counter. However, if 
one studies the electrochemical behaviour or deposition of viscoelastic or very rough layers 
on the gold it is better to measure the electrical impedance or the electrical admittance 
between the two Au electrodes in a frequency range around the resonance frequency, e.g. with 
a network analyzer [341-343]. The impedance of the quartz can be described by an electrical 
equivalent circuit, the Butterworth-van Dyke circuit (Figure 13) [344, 345]. It consists of two 
parallel branches, one representing the static capacitance of the resonator, the other one – the 
motional arm- the oscillation behaviour. The circuit has been extended to consider the 
influence of the medium and the layers deposited on the quartz [344, 346-348]. In the simplest 
case the mechanical impedance of the layer can be added in serial connection to the motional 
arm. A more complete formula for the motional impedance of a coated or, more generally, 
Cb
Cm Lm Rm
RS
Motional arm
Bulk Capacitance
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loaded resonator based on physical parameters instead of electrical circuit elements was given 
in [330, 346]. 
 
Figure 14 shows the change in the real part of the admittance of such a resonator in an 
electrolyte solution during electrochemical deposition. The resonance curve can be described 
by a Lorentzian function, and is characterized by the peak center frequency, the resonance 
frequency f0, and the full width of the curve at half maximum, the damping w [330, 343, 349]. 
 
In a liquid the oscillating resonator induces laminar flow parallel to the surface of the 
resonator corresponding to a damped shear wave propagating into the solution. The velocity 
decay length of a 10 MHz resonator in water is about 177 nm, beyond that distance the quartz 
motion is not influenced by the liquid. The mass of the liquid coupled to the quartz induces a 
frequency decrease, and its viscosity increases the damping [330]. Nomura and Iijima applied 
the QCM technique for the first time in electrolyte solutions for analytical purposes 
(determination of cyanide, silver, and copper ion concentrations) [350]. Later Nomura and 
Okuhara conducted a very detailed study in organic solvents of different density ρ and 
viscosity η [351]. They correctly stated that the operation in a solvent induces a frequency 
decrease which is proportional to both ρ0.5 and η0.5, but assumed these effects where additive. 
Later Kanazwa and Gordon derived from a physical approach the following equation [352]: 
 


QZ
fwf
2/3
0
2
  (8)
 
The same equation was also obtained by Bruckenstein and Shay who developed circuitry for 
the in-situ application of QCM during electrochemical measurements and called the method 
for the first time EQCM [331]. They also verified experimentally the applicability of 
Sauerbrey equation during electrochemical deposition. Bruckenstein and Swathrrajan applied 
the method also to underpotential deposition of silver and lead in acetonitrile solutions [353]. 
In the electrochemical quartz crystal microbalance (EQCM) technique one of the Au 
electrodes is in contact with the electrolyte and serves as the working electrode [331].  
 
If a smooth rigid layer is deposited on the surface, the shape of this curve remains the same, 
but shifts to lower frequencies by an amount ΔfR. Under these conditions, one can directly 
calculate the areal mass density Δm of the layer from ΔfR applying the Sauerbrey equation 
[332]. If a rough or non-rigid layer of the same mass is deposited, the curves shift to even 
lower frequencies, the peak width increases and the maximum admittance becomes smaller, 
i.e. a damping increase Δw > 0 is observed [343, 349]. Then the application of equation 
(2.3.1) is only justified as long as ΔfR is as least ten times larger than Δw [342, 354]. 
Otherwise a complex frequency shift including the damping changes can be defined, which is 
proportional to the mechanical impedance of the load (i.e. the layer deposited on the 
resonator) [343, 355].  
 
Deviations from Sauerbrey equation can arise also from inhomogeneous mass distribution 
[330]. If the lateral correlation length of the mass distribution is larger than the wavelength of 
the shear wave, this can cause the appearance of two resonance frequencies. If these are close 
together one single broad peak can appear in the admittance plot. Rough interfaces alter the 
coupling of the resonator motion to the surrounding liquid. One distinguishes between slight 
roughness, where the lateral length scale of surface corrugations is much larger than the 
vertical one, and strong roughness, where they are comparable [330]. In the case of slight 
roughness that can be treated by perturbation theory non uniform pressure distributions and 
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viscous contributions to Δf and Δw must be considered. In the case of strong roughness 
trapped liquid in the rough surface can cause an additional mass contribution, and 
hydrodynamics in the liquid layer is characterized by non-laminar flow and normal 
contributions to liquid movement. 
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Figure 14. Admittance of a quartz resonator in the vicinity of the resonance frequency f0 before 
(right curve) and fR,2 = f0 - ΔfR after a metal deposition process (left curve). The width of the peak w at 
half peak height is the damping of the quartz resonator. 
 
For ideal Sauerbrey-type response, from comparison of the electrical charge flux measured 
and the mass it is possible to draw conclusions e.g. about the nature of the species deposited, 
current efficiencies, ion exchange processes, and mechanisms of electrochemical 
measurements. 
 
For the electrodeposition of a pure metal at 100% current efficiency the expected ratio of 
mass density Δm and charge density ΔQ is given by: 
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where M is the molar mass of the metal, z the number of electrons transferred, and F the 
Faraday constant. Therefore dm/dt can be considered as the mass-analogue to the electrical 
current, and has been used in literature [356, 357]. This equation also permits to calculate the 
expected electric current jM from dm/dt. 
 
Therefore one can determine from the measurement of Δm and ΔQ measured during 
electrodeposition the ratio of molar mass and number of electrons transferred. This allows on 
the one hand determining how many electrons are transferred for each metal atom deposited. 
On the other hand, for electrode processes where M and z are known, one can calculate the 
current efficiency ε for the electrode reaction by comparing the measured values to the 
expected ones (Equation (10)). The use of the differential form dm/dQ enables the 
determination of ε as a function of electrode potential (e.g. in cyclic voltammetry) or 
deposition time. This analysis sometimes suffers from two complications: When the current 
density j is close to 0 (i.e. a change from oxidation to reduction occurs), a mathematic 
discontinuity appears (cf. Equation (9)), and the numbers tend to infinity. This situation is 
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worsened by small time delays between current and mass measurement. In addition the 
derivation of the mass with respect to time often is very noisy. 
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If several electrode reactions or coupled processes like ion or solvent incorporation can take 
place, the contributions of the individual reactions to mass and charge can be written down 
separately in order to determine theoretical values for dm/dQ [358]. In these cases a complete 
analysis sometimes is no more possible without additional assumptions or independent 
experimental methods. 
 
2.3.2. Application of EQCM for the study of sonoelectrochemical processes 
 
Operation under conditions of acoustic streaming 
All the additional informations gained by the application of the quartz crystal microbalance 
technique in electrochemical experiments are also very attractive in sonoelectrochemistry. 
However, a quartz crystal is an acoustic wave based device and very sensitive to mechanical 
disturbances, and power ultrasound causes significant perturbations in the electrochemical 
cell. This concerns on the one hand the acoustic streaming, and on the other hand the 
occurrence of cavitation bubbles at the electrode surface. Therefore, until recently, the quartz 
crystal microbalance technique had only been used to study the effect of (weak) ultrasonic 
radiation on DNA polymerase reactions [359]. With respect to acoustic streaming it was 
encouraging that the EQCM technique had been employed before in streaming media, for 
instance in impinging jet cells [343, 360] and in the rotating quartz crystal microbalance 
(RQCM) [361-364]. Therefore Schneider et al. performed basic studies on the applicability of 
the (E)QCM technique in the presence of ultrasound using the electrodeposition of copper 
from sulfate and chloride-based electrolytes as a model system [365-367]. Some simple 
experiments were also conducted in water. In addition, the technique was applied in 
sonoelectrochemical studies of the deposition of metal-ceramic and metal-metal composites 
[368, 369]. Those experiments were performed in the “face on” geometry, where the tip of the 
ultrasonic horn probe faces the working electrode at a fixed distance d, and the streaming 
caused by ultrasound is directed towards the quartz (cmp. Section 1.4). The setup used is 
shown schematically in Figure 15. 
 
It could be shown than only in very few cases in the beginning of the EQCM experiment 
ultrasound caused the resonance spectra to be extremely noisy [366]. In most cases at d = 22 
mm, there was no strong impact of ultrasonic fields on the shape and quality of the resonance 
spectra. Only some additional noise was seen. This noise had no impact on the fitting of the 
admittance curve with a Lorentz function. The conditions (electrode-horn separation, 
ultrasound intensity) in those experiments were such that no strong cavitation was taking 
place at the quartz surface. In order to quantify theses observations a series of QCM 
measurements was performed in water (no deaeration) at different horn-quartz distances and 
at different ultrasonic intensities [370]. The noise was determined from the standard deviation 
of a fit of the admittance spectra to a Lorentz function. The noise of the QCM signal increased 
with increasing Ia and decreasing d (cf. Figure 16).  
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Figure 15. Electrochemical quartz crystal microbalance setup for sonoelectrochemical 
experiments (schematically) [366]: (1) Cell body machined from Teflon, (2) contact unit, made from 
teflon body, and two BNC connectors with soldered Pt foil to provide contact to electrodes on quartz, 
(3) 10 MHz EQCM quartz and sealing O-Ring. Working electrode contact from backside through use 
of conductive silver paint, (4) glass cooling coil, (5) lower end of ultrasonic horn with tip facing quartz 
at a distance of 22 mm, (6) stainless steel cooling jacket serving at the same time as holder for the 
EQCM cell. Reference electrode (Ag/AgCl, not shown) and counter electrode (Cu or Ti/Pt, not shown) 
are introduced from the top, taking care that the reference electrode is low enough so that the horn 
does not shield it from the quartz, and that the electrodes do not touch the horn. 
 
It has been demonstrated that the presence of ultrasound and the directional movement of the 
electrolyte alters also the resonance frequency itself [366, 369]. The resonance frequency of a 
deposit-free quartz was monitored for a period of 10 minutes in a Cu electrolyte, while 
ultrasound (Ia ~ 29 W cm-2) was pulsed with ton = toff = 30 seconds. Each time ultrasound was 
turned on the resonance frequency shifted to lower frequencies, and gradually increased again 
after turning it off. On average the frequency in the ultrasound field was 64 ± 20 Hz lower 
than under silent conditions. This effect was more systematically studied in distilled water 
[369, 370], where it was found that at a fixed distance the shift in resonance frequency 
increased with Ia, and at fixed intensity it increased with increasing distance. The maximum 
frequency changes found in these experiments compared to silent conditions were up to -450 
Hz at d = 8 mm and Ia = 76 W cm-2. In addition it took some time until a stable ΔfR was 
obtained, and there were considerable fluctuations in the data obtained for fR and w.  
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Figure 16. Standard deviation obtained during fitting of quartz admittance spectra to a Lorentz 
function (cf. Figure 14). The spectra were recorded at different distances between horn and quartz and 
different ultrasonic intensities. 
 
These studies showed that the QCM can be operated under the influence of an ultrasonic field 
in solution [366, 367]. The frequency decrease observed during application of ultrasound was 
far less than the frequency changes usually dealt with in EQCM, and does therefore not 
constitute an obstacle to the data analysis with the Sauerbrey equation. It is however 
recommendable to turn on the ultrasound before the start of the electrochemical experiment. 
Problems could occur in experiments where very small mass changes have to be resolved, as 
in the case of underpotential deposition experiments. The frequency decrease in the presence 
of ultrasound was explained by the influence of the mechanical pressure of the streaming 
liquid directed towards the quartz [366, 367], which increases with increasing intensity and 
decreasing distance. It has been shown in literature that a pressure difference between the two 
sides of the quartz crystal induces a frequency shift, and that this shift is negative for AT-cut 
quartz crystals [364]. After turning the ultrasound off it took a while for convection to slow 
down which is why the frequency needed some seconds to stabilize at higher frequencies. 
Fluctuations in the streaming rate were responsible for the noise in fR. Acoustic streaming is 
usually turbulent. In addition the liquid which impinges on the quartz will be reflected and 
stream back into the electrolyte on the outer edge, which may cause some turbulences in the 
given experimental setup. Surface cavitation was not significant under these conditions. 
 
Figure 17 shows typical cyclic voltammograms obtained in an acidic CuSO4 electrolyte 
without ultrasound (left) and at d = 10 mm, Ia = 76 W cm-2 (right) similar to the data 
published in [366]. The shape of the voltammograms and frequency curves under silent 
conditions was in agreement with EQCM literature data. The cathodic peak was caused by 
mass transfer limitation and is commonly observed at lower Cu concentrations [358, 371]. At 
elevated copper concentrations no cathodic peak appears [341, 343]. For the sulfate system 
the voltammogram is well understood. Deposition is taking place by successive transfer of 
two electrons, i.e. by reduction of Cu2+ [358]. Opposite to the literature [358], where 
incomplete dissolution during stripping was observed and explained by passivation of a part 
of the deposit, the copper was stripped completely in the experiments reported in [366]. 
Reasons for this discrepancy can be found in the less negative potentials applied in the 
experiments shown in Figure 17 leading to less hydrogen evolution and therefore less 
precipitation of copper hydroxides. 
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Figure 17. Current densities (lines) and associated frequency changes of quartz resonator 
(circles) during cyclic voltammetry in 0.01 M CuSO4 + 0.1 M Na2SO4 of pH ~ 1 at a scanrate of 0.005 
V/s a) under silent conditions and b) under ultrasonic irradiation at an intensity of 76 W cm-2. All 
experiments were conducted under Ar. 
 
In an ultrasonic field the cathodic current peak disappeared, and currents continued to 
increase when lowering the potential [366]. In part a loop was observed in the voltammogram 
during Cu deposition, i.e. currents on the backsweep were larger than on the forward sweep. 
The maximum cathodic currents and charges, the maximum frequency and thus mass 
changes, the widths and peak currents of the anodic peak became much larger, and the anodic 
peak potential was shifted to positive values. All parameters depended in a similar way on the 
ultrasonic intensity, first strongly increasing, and leveling off or less strongly increasing at 
higher intensities. The disappearance of the cathodic peak of copper deposition together with 
the strong increase in the cathodic currents was explained by a gradual transition to charge 
transfer control due to a strong enhancement in mass transfer, as observed in the literature for 
many metal systems [126]. The limiting currents due to mass transfer have been shown to be 
proportional to the square root of the ultrasonic power [176-178] and a reduction in diffusion 
layer thickness to values of a few µm and less [138, 176]. The resulting increase in deposition 
rate was reflected in the 7-8 times stronger frequency decrease during the Cu deposition from 
sulfate solution. The shift in anodic peak potential was simply due to the presence of more Cu 
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on the electrode, and not an effect of ultrasound on the surface or electrochemical potentials, 
as clearly proven by an analogous change seen during experiments with a rotating disc 
electrode at higher rotation rates [366]. Damping changes were negligible, except that in the 
very end of Cu stripping often a strong short-time increase in w was observed, in agreement 
with findings from literature [343]. Ultrasound did not alter the potentials significantly, where 
deposition and dissolution begin in sulfate-based electrolytes, indicating that there was no 
significant effect of ultrasound on charge transfer kinetics or nucleation overpotentials in 
these studies [366]. Cyclic voltammograms recorded on rotating disc electrodes showed 
similar (though not identical) behavior like stationary electrodes in the presence of ultrasound. 
Especially the gradual change from mass transfer control to charge transfer control proven by 
the finite intercept in the Koutecký-Levich plot, the increase in currents and consequently the 
increased amounts of Cu deposited were evident [366]. This proved that the enhanced mass 
transport was the dominant influence factor of ultrasound on Cu electrodeposition under the 
conditions applied in that study. Cyclic voltammograms recorded in Cu-free 0.1 M Na2SO4 of 
pH = 1 showed background currents almost three orders of magnitude less than the values in 
the presence of 0.01 M CuSO4. 
 
In sulfate solutions, the general potential dependence of ε calculated from Equation (10) 
assuming z = 2 was found to be similar with and without ultrasound [366]. This is shown in 
Figure 18. Especially at low potentials current efficiencies were close to 100% (ε = 1), 
whereas during early stages of the deposition (more pronounced under silent conditions) 
values larger than 100% were found. Those were only in part due to an enlarged error by the 
zero crossing of current. A contribution by the reduction of Cu(I) accumulated close to the 
electrode, but not sensed by the quartz before beginning of deposition is discussed in the 
literature as a possible origin of the large numbers for dm/dQ and therefore ε found [358]. 
This interpretation was supported in [366] by the presence of small cathodic current below 
~0.1 V which was not connected with any significant mass change. However ε remained 
larger than 1 in the beginning of deposition even after correction for the charge caused by this 
current. Therefore other contributions like the co-adsorption of sulfate ions from the 
electrolyte stripped off later during deposition or an impact of nucleation processes leading to 
an inhomogeneous mass distribution in the beginning of deposition were suggested. The 
strong decrease of ε close to the end of deposition, during the anodic sweep, was explained by 
the much smaller amount of copper deposition and therefore a relatively larger contribution of 
side reactions as the reduction of Cu(II) to Cu(I) and the reduction of some residual dissolved 
oxygen to the total current. During dissolution the current efficiencies were above 100% due 
to the dissolution path via Cu+. The oxidation of metallic Cu to Cu+ proceeds at low currents 
faster in acidic sulfate solutions than the further oxidation from Cu+ to Cu2+ [372, 373]. 
Therefore especially at low overpotentials high values are expected for ε, whereas at higher 
overpotentials a larger fraction of the Cu+ formed will be further oxidized to Cu2+. This 
caused the observed decrease of ε with increasing potential.  
 
In the presence of ultrasound of intermediate intensities mass-charge plots were more linear 
and closer to the theoretical expectations than under silent conditions [366]. The enhanced 
rate of copper deposition may reduce the importance of side reactions (whether they 
contribute to mass or not). For the dissolution process in an intermediate potential range also 
ε-values closer to 1 and thus less dissolution via Cu(I) were reported (Figure 18). This is 
insofar surprising as also the transport of Cu(I) away from the dissolving electrode should be 
supported by the enhanced mass transport, and because also loss of Cu without external 
current in the presence of ultrasound was seen [366]. However, dissolution via Cu(I) involves 
an adsorbed intermediate which might not be so strongly affected by mass transport, and is 
only favorable at low current densities [373]. In cyclic voltammetry, dissolution in an 
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ultrasonic field mainly takes place at higher potentials and larger current densities as 
discussed above (because a thicker Cu layer is present after deposition), which favors 
dissolution via Cu(II). In general ultrasound does accelerate cyclic Cu deposition and 
dissolution, but has only a minor impact on current efficiencies. 
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Figure 18. Current densities (lines) and associated (apparent) current efficiencies (circles) during 
cyclic voltammetry in 0.01 M CuSO4 + 0.1 M Na2SO4 of pH ~ 1 at a scanrate of 0.005 V/s under silent 
conditions (left) and under ultrasonic irradiation at intensities of 24 W cm-2 (center) and 76 W cm-2 
(right) at d = 10 mm. All experiments were conducted under Ar. 
In the case of potentiostatic depositions at –0.15 V vs. Ag/AgCl somewhat different results 
were seen [366]. Under silent conditions, the current decreased rapidly in the beginning of 
electrodeposition and then continued to decrease slowly with time. The current efficiency was 
84%. Under these conditions, the diffusion layer thickness rapidly increased with time, and 
the zone of Cu(II) depletion expanded into the solution. With ultrasound, no depletion effect 
took place, the current of Cu-reduction increased with time due to changes in surface 
condition and roughening, and the current efficiency was 96% at 28 W cm-2. Also the 
morphology of the deposits was altered by ultrasound. Without ultrasound, in 1 h of 
electrodeposition a bright, glossy Cu film of 580 nm thickness was obtained. At Ia =28 W  
cm-2, after only 14 min of electrodeposition a more dull Cu film was obtained (1.5 µm). 
Whereas films deposited under silent conditions and at Ia ~ 11 W cm-2 showed a similar 
morphology, grain size and appearance were markedly different at Ia ~ 26 W cm-2 and Ia ~ 30 
W cm-2. The grains appeared larger and flatter. It is known that the morphology of deposits is 
affected by the extent of mass transport control, and that often the quality of films deposited 
under charge transfer control is better than under mass transport control [374]. For some 
metals a grain refinement upon application of ultrasound was observed, and the formation of 
brighter deposits was observed for a number of metals [165, 179]. Already in the early 
literature it has been suggested that ultrasound may favor two-dimensional growth over three-
dimensional growth normal to the surface, and that therefore less powdery deposits are 
formed [165]. 
 
The two-step nature of Cu electrodeposition is especially obvious during electrodeposition 
from chloride solutions, where due to the stabilization of Cu(I) by complex formation two 
well separated reduction (and oxidation) waves appear in cyclic and linear sweep 
voltammetry [166, 358, 371, 375-379]. Kekesi and Isshiki have reviewed the complex 
formation constants and other data for the Cu-chloride system [375]. They and others point to 
the large values of exchange current densities for Cu deposition from chloride that makes 
deposition of Cu from chloride electrolytes unfavorable [374, 375]. Here the application of 
ultrasound might prove beneficial to enhance the quality of deposits. Giménez-Romero et al. 
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studied the electrodeposition and –dissolution of Cu from electrolytes with low concentrations 
of chloride present using EQCM [358]. They analyzed their data based on the ratio of dm/dQ 
(cf. below), discussed the importance of Cu(I) accumulation at the beginning of the cathodic 
scan and showed adsorption of Cu(I) on the surface. Zhou et al. showed that at elevated 
chloride concentrations the anodic and cathodic waves at higher potentials are not associated 
with any mass change, and that the anodic peak at lower potentials corresponds to the 
dissolution of Cu(0) to Cu(I) [371]. Similar findings have been reported by Ovchinnikiva et 
al. [376]. Pollet et al. presented rotating disc electrode studies besides the sonoelectrochemical 
results [166].  
 
The sonoelectrochemical studies of Cu deposition and dissolution from chloride-based 
electrolyte was the focus of recent research work of Schneider et al. [367]. Similar to the 
experiments discussed above, all electrochemical QCM experiments were performed under Ar 
atmosphere in the face on arrangement. The electrolyte had an initial composition of 0.01 M 
CuCl2, 0.5 M NaCl, at pH~1. 
 
Cyclovoltammetric experiments were performed at electrode-horn separations of 8, 15, and 22 
mm. Typical cyclic voltammograms and the frequency response of the quartz resonator under 
silent conditions and at ultrasonic intensities of 14 and 76 W cm-2 (15 mm distance) are 
shown in Figure 19. Under silent conditions (Figure 19a), both peak couples known from 
literature have been reproduced. Frequency changes due to Cu deposition and dissolution 
were only observed for the peak pair at lower potentials. In agreement with literature data 
[166, 358, 371, 375] the peak pair at higher potentials was assigned to the Cu2+/Cu+- redox 
couple, and the one at lower potentials to Cu deposition and dissolution. The total charge per 
cycle was negative because only part of Cu(II) reduced to Cu(I) is reoxidized thereafter. 
Based on a potential – log c(Cl-) diagram for the copper system and the equilibrium constants 
for the various possible copper species from the paper by Kekesi and Isshiki [375] it was 
estimated that in the electrolyte used in [367] originally 53% of the Cu(II) should be present 
as free Cu2+ ions, 41% as [CuCl]+, and 6% as CuCl2 (taking the chloride concentration as 0.6 
mol/l and neglecting activity coefficients). The major Cu(I) species formed during repeated 
cycling should be [CuCl2]- (61%), followed by [CuCl3]2- (25%) and [CuCl4]3- (6%). No CuCl 
precipitation can occur at the high levels of chloride present. Therefore the mass changes in 
[367] were similar to the observations of Zhou et al. in 0.3 M KCl [371], and very different 
from the observations of Giménez-Romero et al. at 0.05 M KCl [358], where CuCl 
precipitation played an important role. The standard potential for the Cu2+/[CuCl2]- system 
was calculated from the standard potential for Cu2+/Cu+ (0.159V [5]) and the complex 
stability constant from [375] as 0.525 V vs. NHE and thus 0.328 V vs. Ag/AgCl. For the 
deposition of Cu from [CuCl2]- one calculates a standard potential of –0.048 V vs. Ag/AgCl. 
Already under a rather low ultrasonic intensity Ia the shape of the voltammogram severely 
changed (Figure 19b), and both cathodic peaks and the anodic peak of Cu(I)/Cu(II) oxidation 
disappeared. In the potential range above 0.1 V anodic and cathodic current traces now were 
found to be nearly identical (at 22 mm), or even reversed. The currents became slightly 
positive at elevated potentials, but there was no more anodic peak in that region. At potentials 
below 0.3 V the current became negative and its magnitude increased almost linearly with 
decreasing potential, the slope di/dE increasing with Ia. At 8 W cm-2 and d = 22 mm it finally 
leveled off. There was little if any influence of Ia on the potential where the corresponding 
reduction process set in. At Ia > 9 W cm-2 the cathodic currents continued to increase linearly 
until Cu deposition started (Figure 19b, c). With increasing intensity the entire voltammogram 
was found to shift into the negative current region (Figure 19c).  
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Figure 19. Electrodeposition and –dissolution of Cu from an electrolyte of 0.01 M CuCl2 + 0.5 M 
NaCl, pH ~ 1 a) under silent conditions and at d = 15 mm under an ultrasonic intensity of b) 14 W cm-
2 and c) 76 W cm-2. Line: Current density at Au WE. Circles: Frequency changes of quartz resonator. 
Arrows indicate direction of potential sweeps, sweep rate 5 mV/s. 
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The potential where Cu deposition began was determined from ΔfR and was reported to be 
clearly to shift in the presence of ultrasound and with increasing Ia to more negative values. 
Ultrasound of low intensity increased maximum cathodic currents and the amount of Cu 
deposited on the quartz by a factor of ten or more (Figure 20a). A further increase in 
ultrasonic intensity still caused an increase in the maximum cathodic current densities, but the 
anodic peak currents decreased in magnitude, finally becoming negative, and less Cu was 
deposited. After correction for the background currents the anodic peak currents were 
positive, but still decreased with Ia, because a smaller amount of Cu deposited will lead to 
lower maximum dissolution currents. From the total mass deposited and the total cathodic 
charge flux (Figure 20a) an averaged (apparent) current efficiency ε for the deposition 
(assuming z = 2), and from the anodic peak charge (after background correction, assuming z = 
1) for the dissolution was calculated (Figure 20b). For the deposition process ε was reported 
to be far below 1, and to decrease further with increasing Ia. For the dissolution the ε-values 
were > 1. 
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Figure 20. Electrodeposition and –dissolution of Cu from an electrolyte of 0.01 M CuCl2 + 0.5 M 
NaCl, pH ~ 1 at d = 15 mm. a) maximum mass deposited and dissolved and total cathodic charge 
density in a single voltammetric cycle (E: 0.5 V – (-0.35 V), 5 mV/s) b) corresponding averaged 
cathodic and anodic apparent current efficiencies.  
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Figure 21. Electrodeposition and –dissolution of Cu from an electrolyte of 0.01 M CuCl2 + 0.5 M 
NaCl, pH ~ 1 at d = 15 mm and 5 mV/s: currents and instantaneous apparent current efficiencies a) 
under silent conditions b) at Ia = 14 W cm-2. 
 
Potential-resolved current efficiencies were calculated assuming z = 1 (Figure 21). The shapes 
of the curves for Cu dissolution were similar with and without ultrasound, starting out at very 
large numbers and then decreasing with continuing dissolution. The ε-curves for Cu 
deposition under silent conditions were similar to those reported in sulfate-based electrolytes 
(Figure 18): ε started at high values, and decreased while lowering the potential. After 
potential reversal ε finally became negative. With ultrasound, though, ε started at zero, and 
then increased with decreasing potentials. The behavior after potential reversal was similar 
like under silent conditions. At low potentials ε was nearly constant around 0.5, but decreased 
at higher Ia. At higher Ia, ε for the anodic process was negative, because the current remained 
negative even during Cu dissolution. 
 
All these results were easily explained by the enhancement of mass transport due to the 
ultrasound. Immediately before the start of Cu deposition under silent conditions, the 
electrolyte close to the electrode is enriched with Cu(I) that was formed at higher potentials 
by reduction of Cu(II). This reduction process is already under mass transport control 
indicating far-reaching depletion of Cu(II) and enrichment of Cu(I) close to the electrode 
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surface. First Cu deposition therefore proceeds by a one electron transfer reaction from Cu(I), 
while some Cu(II) is still reduced to Cu(I), which explains ε-values close to 1. At lower 
potentials Cu(I) is depleted as well, and reduction now occurs by mass transport limited 
reduction of Cu(II), and therefore ε approaches 0.5. At these low potentials all incoming 
Cu(II) ions are reduced to Cu(0). On the reverse sweep, with increasing potentials, only part 
of the Cu(II) ions reaching the electrode are reduced to Cu(0), and part to Cu(I). Therefore ε 
decreases to values below 0.5. Finally Cu dissolution starts while the overall currents are still 
negative, and ε becomes negative. During dissolution of Cu ε-values significantly larger than 
1 are found in the beginning once the currents are positive. This was explained by the current-
less Cu dissolution through Cu(II) species in solution under the formation of further Cu(I). 
Based on the charge vs. potential curve five different regions in the cycle were distinguished, 
based on the combination of Cu(II)/Cu(I) and Cu(I)/Cu(0) redox reactions taking place. These 
interpretations were confirmed by numerical simulation of the voltammogram under silent 
conditions (Figure 22). The data demonstrated the enrichment and depletion of Cu(I) at the 
surface as function of potential due to the interplay between Cu(II) reduction, Cu deposition / 
dissolution, Cu(I) oxidation and chemical diffusion due to concentration gradients. They also 
allowed to calculate the deposited mass of copper and therefore to reproduce the measured 
current efficiencies qualitatively. 
 
In the presence of ultrasound the disappearance of all cathodic peaks together with the strong 
increase in the cathodic currents was explained by a gradual transition to charge transfer 
control due to a strong enhancement in mass transfer. In chloride solutions more Cu(II) is 
reduced to Cu(I) at potentials positive of the Cu deposition, which leads to a strong negative 
background current. The removal of Cu(I) formed during Cu(II) reduction and during Cu 
dissolution from the electrode is enhanced as well. Opposite to silent conditions, ε for the 
deposition started at 0 because of the large currents associated with reduction of Cu(II) to 
Cu(I). Due to the enhanced mass transport, the accumulation of Cu(I) and depletion of Cu(II) 
close to the electrode were less. At lower potentials an increasing number of Cu(I) was further 
reduced to Cu(0), until basically every arriving Cu(II) ion was reduced to Cu. Upon reversal 
of the sweep direction ε first was similar to the forward sweep. But then electrochemical Cu 
dissolution to Cu(I) was taking place, while the currents remained negative due to Cu(II) 
reduction. Therefore ε became negative, and then jumped to positive values as soon as the 
current became positive (not at very large Ia). The cause for the very large ε values is the 
continued Cu(II) reduction, which diminishes dQ, while dm is quite large. 
 
Enhanced mass transport keeps the concentration of Cu(II) close to the electrode large, which 
favours formation of Cu(I), but also Cu corrosion and therefore is detrimental for Cu 
deposition. In addition the intermediate Cu(I) needed for Cu deposition is removed efficiently 
from the electrode. This could explain why Cu deposition was maximum at low Ia and the 
total efficiency of the deposition process decreased with Ia. The altered speciation at the 
surface is also responsible for the more negative start potentials for Cu deposition. 
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Figure 22. a) Simulated cyclic voltammogram for the redox processes in a chloride based copper 
electrolyte (black line) and surface concentrations of Cu(II) (blue) and Cu(I) (red). Simulations were 
carried out using a finite difference method to compute diffusional concentration changes, and 
employed modified Butler-Volmer equations to describe the electrode kinetics. Experimental diffusion 
coefficients were used for Cu(II) and Cu(I). b) Current efficiencies obtained from simulation in the 
potential range of Cu deposition / dissolution. 
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Figure 23. Electrodeposition and –dissolution of Cu from an electrolyte of 0.01 M CuCl2 + 0.5 M 
NaCl, pH ~ 1 on a rotating Pt disc electrode at rotation rates of 0, 500, 1000, 1500, 2000, 2500, and 
3000 rpm. Sweep rate: 0.005 V/s. Experiments were performed under Ar. 
 
For a more quantitative description comparison to voltammograms recorded with a rotating 
disc electrode was made (Figure 23). Mass transport rates are also enhanced in experiments 
with the RDE. Similar to sonoelectrochemical measurements during rotation a part of the 
anodic dissolution peak was characterized by negative total currents. However, the total 
anodic currents even without background correction increased with increasing rotation rate 
and therefore with decreasing diffusion layer thickness. Thus also the amount of Cu deposited 
increased. The theory of RDE is well-established [5], and one can easily extract diffusion 
coefficients and diffusion layer thicknesses. The limiting current is given by: 
 
0
2/16/13/2
lim 62.0 czFDj    (11)
 
and the diffusion layer thickness by 
 
3/16/12/161.1 DN    (12)
 
where D is the diffusion coefficient, ν the kinematic viscosity, ω the angular rotation rate (314 
s-1 for 3000 rpm) and c0 the bulk concentration of the electroactive species. Figure 23 shows 
limiting current behavior for both Cu(I) and Cu(0) formation. Taking ν as 0.0103 cm2 s-1 
(value for 0.5 M NaCl obtained by interpolation from a series of literature values (42)) and z = 
1 for Cu(I) formation and z = 2 for Cu(0) formation diffusion coefficients of 5.6 • 10-6 and 6.7 
• 10-6 cm2 s-1 were obtained. These values were in good agreement with literature data of 5-
8•10-6 cm2s-1 [166, 375]. Diffusion layer thicknesses of 11 µm at 1500 rpm and 7.7 µm at 
3000 rpm were calculated. The cathodic sweep at potentials positive of Cu deposition could 
be reasonably well fitted using a variant of the Butler-Volmer equation for mixed control, 
taking the cathodic limiting current from the Levich plot, while the much lower anodic 
limiting current (due to the low bulk concentration of Cu(I)) was taken from the maximum 
anodic currents at the beginning of the cathodic sweep (Eq. (13)). This approach is very 
simplified and basically a steady state approximation. This procedure lead to exchange current 
densities between 4 • 10-4 and 2.9 • 10-4 A cm-2, α-values of 0.69-0.72, and E0 close to 0.4 V 
vs. Ag/AgCl. A similar analysis for the system Cu(I)/Cu(0) gave unsatisfactory results. For 
currents taken from CV data at intermediate potentials, where Cu deposition was already 
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taking place, but not yet under diffusion control, a Koutecký-Levich plot also was not linear. 
The non-linearity is caused by the presence of two coupled electrochemical reactions, one 
being under diffusion control, the other one under mixed control, and also by the presence of 
nucleation processes. The potential of zero current during Cu dissolution depended only very 
weakly on the rotation rate. It is a mixed potential where the currents for Cu dissolution to 
Cu(I) match the currents for Cu(II) reduction. An exchange current density of 50 mA cm-2 for 
Cu dissolution was estimated from that dependency. 
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Similar to Eq. (11) a correlation between ultrasonic power PW and jlim has been suggested, 
verified and expanded in literature [176-178]: 
 
2/1
0
3/22/1
lim wPcDKdj
  (14)
 
where K is a constant depending on ν. Also the equivalent flow velocity of the electrolyte 
towards the electrode was given as [178]: 
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where r is the radius of the electrode, and the other symbols have the same meaning as before.  
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Figure 24. a) Cyclic voltammogram recorded in an electrolyte of 0.01 M CuCl2 + 0.5 M NaCl, pH ~ 1 
at v = 5 mV/s, Ia = 47 W cm-2, and d = 8 mm. Bold curve: Fit of Cu(II)/Cu(I) reduction applying 
Equation (13). b) Fit results for limiting currents from data at different Ia and horn-electrode 
separations of 8 and 15 mm. 
 
Equation (13) was also fitted to the sonovoltammograms (Figure 24a). In contrast to the RDE 
experiments the cathodic limiting current cannot be directly taken from the voltammograms, 
except at very low ultrasonic intensities. Therefore jlim, cath was determined from the fits. The 
only exception was for the measurement at d = 22 mm and Ia = 10 W cm-2, where a limiting 
current similar to the RDE experiment at 2000 rpm was obtained. However, for that 
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experiment the subsequent Cu deposition started at lower potentials and was more sluggish 
than with the RDE, and the dissolution peak current was smaller. The limiting current data 
obtained as function of Ia were noisy (Figure 24b). They increased with increasing intensity 
and decreasing distance between horn and electrode. A Levich type plot was roughly linear, 
but the linear fit did not pass through the origin. However, it was clear that the limiting 
currents were significantly larger than in RDE studies, which is why Cu(II) reduction was 
under mixed control for the entire potential range above Cu deposition. Calculation of RDE 
rotation rates needed to achieve limiting currents as large as in the sonoelectrochemical 
experiments led to numbers up to 27000 rpm (at d = 8 mm, Ia = 76 W cm-2), and equivalent 
flow velocities of up to 13 m/s were obtained. 
 
The maximum cathodic current observed during sonovoltammetric Cu deposition experiments 
was -24 mA cm-2 at -0.35 V, and the current trace did not reach limiting current behavior. 
Extending the potential range to -0.7 V also caused no saturation of the currents. Even though 
at these low potentials hydrogen evolution should be of increasing importance, no decrease in 
the apparent efficiencies was seen, but rather an increase above the value of 0.5 – possibly 
caused by deposition of Cu hydroxide. 
 
In a potentiostatic experiment at -0.2 V and Ia = 29 W cm-2 no Cu deposition took place. At 
lower potentials Cu deposition took place. A series of potential step experiments between  
-0.25 V and -0.3 V was performed in order to study the influence of ultrasonic intensity on the 
current efficiency of Cu deposition from CuCl2 electrolytes more closely. Typical current 
traces at -0.31 V together with the corresponding mass plots are shown in Figure 25a. In the 
presence of ultrasound the currents became constant after an initial phase, but were rather 
noisy. At later times, a slight decrease in currents was observed. The mass of the deposited 
layers grew almost linearly with time. The electrical current densities with ultrasound always 
were much larger than without. With increasing Ia a further increase in the current densities 
was observed. This effect increased with more negative potentials, i.e. larger overpotentials. A 
similar observation was made for the currents calculated from the mass of the Cu deposit 
assuming z = 2. Here however the relative increase in jm by further increasing Ia was much 
less, and even negligible for Ia ≥ 19 W cm-2. In part even a slight decrease in jm with 
increasing Ia was seen. 
 
The current efficiencies ε typically increased upon application of ultrasound at Ia = 9 W cm-2, 
and decreased thereafter when increasing Ia. At low overpotentials ε at Ia = 30 W cm-2 was as 
low as under silent conditions even though the deposition rate was much higher. Larger 
overpotentials favored higher current efficiencies and the decrease with Ia was less 
pronounced. A series of potentiostatic depositions at E = -0.33 V and Ia = 30 W cm-2 gave an 
average εapp = 0.90 ± 0.009 towards the end of the experiment, and in the beginning of the 
experiment εapp = 1.006 ± 0.006. 
 
An analogue of a Koutecký-Levich plot for one set of ultrasonic data (d = 22 mm), by plotting 
1/j versus 1/Ia0.5, was linear only at a potential of -0.25 V, a potential where most of the 
electric current was due to Cu(II) reduction, and only little Cu deposition occurred (Figure 
25b). From the intercept an activation-controlled current density of 56 mA cm-2 was 
calculated and from the slope a value of K = 1.37 • 106 Ω-0.5 cm1/6 mol-1 s2/3, which is close to 
values obtained by Pollet and co-authors for a different redox system [178]. This directly lead 
to jlim = 3.17 • 10-3 Ia0.5, and therefore to currents of jlim = 9.5 mA cm-2 at 9 W cm-2 and jlim = 
17 mA cm-2 at 30 W cm-2. These values are larger than the currents measured at -0.25 V in 
cyclic voltammetry, which once more explains why especially at higher Ia no limiting 
behavior is seen in the sonovoltammograms for the Cu(II)/Cu(I) reduction step. 
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Figure 25. a) Current transients at E = -0.31 V vs. Ag/AgCl and corresponding mass changes recorded 
in an electrolyte of 0.01 M CuCl2 + 0.5 M NaCl, pH ~ 1 at ultrasonic intensities of 0 (silent conditions, 
black curve), 11, 14, 20, 22, 25, and 29 W cm-2. b) Koutecký-Levich analogue plot of electric current 
as a function of potential and ultrasonic intensity. Lines: Linear fits. 
 
The influence of ultrasound on the corrosion of Cu by CuCl2 and possibly of Cu erosion was 
also studied. Cu was repeatedly deposited at E = -0.33 V and Ia = 30 W cm-2 for 3 minutes. 
The electric current and therefore the actual surface area of the electrode did not increase 
significantly during the deposition of the Cu-layer. After each deposition, OCP was recorded 
for several minutes, one minute under silent conditions, and the remaining time with 
ultrasound of varying intensity applied. The mass loss rate was ~ -0.24 µg cm-2 s-1 under silent 
conditions, and increased in the presence of ultrasound to 7.2 µg cm-2 s-1 at Ia = 30 W cm-2. 
This corresponds to corrosion currents between 0.36 mA cm-2 and almost 11 mA cm-2. While 
there was still Cu on the electrode the open circuit potential slightly increased with time by 
about 0.024 mV s-1 under silent conditions and 0.2 mV s-1 at Ia = 30 W cm-2. Once all Cu was 
dissolved the potential jumped by several hundred mV to a potential of about 0.35 V vs. 
Ag/AgCl. For all intensities the limiting currents calculated for the reduction of Cu(II) were 
larger than these corrosion currents jcorr. Therefore the mass changes during these experiments 
could be completely understood by corrosion processes (Cu + Cu2+ + 4 Cl- -> 2 [CuCl2]-. 
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However, cathodic currents jcath actually measured in the absence of a Cu layer at the same 
potential recorded during corrosion (~-0.055 V vs. Ag/AgCl) are much smaller than jlim, and 
also |jcath| < |jcorr| except at very low Ia (Fig. 16). Therefore, at larger Ia, mass loss probably 
was not caused by corrosion alone, but also by erosion caused by cavitation. Further aspects 
of the role of cavitation are discussed below. 
 
Influence of Cavitation 
The noisy current observed in the cyclic voltammograms during deposition of Cu from 
chloride-based electrolytes gave already a clear indication of surface cavitation taking place 
under these conditions. For a series of cylic voltammograms at slow scan rates the acoustic 
intensity was first increased from experiment to experiment, and thereafter stepwise 
decreased. It was found that the resonance frequency of the bare quartz after stripping of all 
the copper increased in the course of the experiments, pointing to erosion of the gold. 
Furthermore evidence for surface cavitation came from a shift in the onset potentials for Cu 
deposition when increasing the ultrasonic intensity (however not caused by erosion, because 
current increase due to Cu deposition and mass change still were taking place concurrently), 
and the fact that even for lowest Ia the potentials applied were insufficient to reach diffusion 
limitation, even though the cathodic currents were less than in the RDE experiments with 
highest rotation rates. In some of the Cu deposits obtained after potentiostatic deposition from 
sulfate solution circular features were seen that may have been caused by cavitation bubbles 
at the surface. 
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Figure 26. a) Resonance frequency measured before start of Cu deposition during a series of 
cyclovoltammetric experiments in Cu chloride based electrolyte. Arrow indicates order of 
experiments. b) Optical micrograph of a Cu layer deposited from sulfate-based electrolyte. Deposition 
conditions: E = -0.15 V cm-2, d = 10 mm, Ia = 76 W cm-2. Experiment was terminated after deposition 
of 1.4 mg cm-2 Cu. 
 
During a Cu deposition experiment from chloride-based electrolyte at E = -0.33 V vs. 
Ag/AgCl, Ia = 76 W cm-2 and d = 8 mm (minimum possible distance between horn and quartz 
surface with the setup used) more severe cavitation was taking place (cf. Figure 27). Under 
these conditions the resonance spectrum was extremely noisy and no Cu deposition was 
taking place. After lowering of Ia to 47 W cm-2 the noise decreased by two orders of 
magnitude and deposition started (as expressed by an increase in current efficiency from 0.6 
64 
 
% to 49%). After performing an extended number of Cu deposition and dissolution 
experiments, the part of the Au surface exposed to ultrasound was much rougher than the 
original surface, and parts of the surface at the edge of the resonator that had not been in 
contact with the electrolyte. 
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Figure 27. a) Potentiostatic deposition of Cu from 0.01 M CuCl2 + 0.5 M NaCl, pH ~ 1, at E = -0.33 
V vs. Ag/AgCl, at a range of ultrasonic intensities (76 W cm-2 – 47 W cm-2, see text): Total mass 
change Δm as function of total charge Q (ε determined from slope, Ia given on top of figure) and the 
corresponding standard deviation χ of Lorentzian peak fit of the quartz admittance spectra. b) 
characteristic resonance spectrum in the presence of cavitation at quartz surface at Ia = 76 W cm-2 
(from [369]). 
 
Electrodeposition of Composites 
Ultrasound is also beneficial for the electrochemical deposition of composites [368, 380, 381]. 
In the simplest case metal-ceramic composites can be prepared by the incorporation of oxides 
dispersed in the electrolyte during electroplating of metals (electrocodeposition). Here 
ultrasound has been applied in literature for the desagglomeration of particles both by 
pretreatment of the deposition suspensions before and during the electrodeposition process 
[380, 382, 383]. In addition the directional movement of the oxides due to acoustic streaming 
might enhance transport of the oxides to the electrode. However, one may also make use of 
the face-on configuration for the in-situ production of nanomaterial to be embedded in a 
growing metal film on the working electrode [381]. This could be achieved by sonochemical 
decomposition of precursors directly in the electrolyte solution, or by using the horn itself as a 
supporting electrode. So one (nano)material could be prepared and stripped by pulsed 
sonoelectrochemistry at the horn probe tip, while at the same time a metal is deposited on the 
working electrode, under incorporation of the particles created at the ultrasonic horn. 
 
The electrodeposition of metals reinforced with micron-sized and in part also nano-sized 
ceramic particles of Al2O3, SiO2, SiC, TiO2, CeO2, ZrO2, borides and others has been state of 
the art for many decades [384]. Such metal/ceramic composites often show superior corrosion 
resistance [385]. Other major fields of application have been the improvement and tailoring of 
the mechanical properties, like hardness (dispersion hardening), yield strength, resistance to 
plastic deformation and wear resistance, and lubrication of metals by codepositing graphite or 
PTFE, or liquid lubricant filled microcapsules [385]. 
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The mechanism of the electrocodeposition so far has not been completely understood. 
However, over the past decades a number of models in order to explain the kinetics and the 
amount of particle incorporation into a growing deposit have been presented. Some of them 
have been reviewed in [386]. Early mechanisms involved simple mechanical inclusion, 
adsorption and electrophoresis [387, 388]. Guglielmi suggested a two step adsorption 
mechanism with a first physical (weak) adsorption step of particles still covered with solvent 
and adsorbed ions, followed by a field assisted chemical adsorption step [388]. The strongly 
bound particles were then supposed to be embedded in the growing metal layer. A 
quantitative model for the concentration and current dependence of the embedded volume 
fraction was given and verified by experiments. Celis and Roos applied this model to the 
codeposition of α-Al2O3 in Cu from acidic sulfate electrolytes in the presence and absence of 
Tl+ ions [387]. They concluded that the second adsorption step was rate determining, 
correlated one constant (v0) in Guglielmis equations with the reduction of Cu2+ ions adsorbed 
on the particles, considered that Tl+ was catalyzing this reaction step and found in the charge 
transfer controlled regime an increase in the amount of oxide incorporated with increasing 
current. Celis et al. later introduced an extended model operative under hydrodynamic 
conditions, in which they assume five stages of relevance: the adsorption of ions on top of the 
particle, the convectional transport to the hydrodynamic boundary layer, the diffusion of the 
particle through the diffusion layer, its adsorption on the surface and finally the reduction of a 
minimum number of adsorbed ions in order to embed the particle in the growing layer [389]. 
They calculated the probability for one ion to be reduced from the electrical current density 
and the total average ion concentration in the diffusion layer, and from that the probability for 
one particle to be embedded as the probability that k out of a total of K ions adsorbed on the 
particles have to be reduced. Turbulent flows are considered to reduce the probability of 
particle incorporation to zero. The authors end up with an expression that describes the weight 
percentage of embedded particles as a function of the applied current (or overpotential), the 
transition current to mass transport control, the particle and ion concentrations in solution and 
the hydrodynamic conditions. They applied this model to the Cu/Al2O3 and the Au/Al2O3 
system and found excellent agreement between experiment and theory. Valdes performed 
computer simulations for particle codeposition from CuSO4 electrolyte applying a model 
considering diffusion, electromigration, diffusomigration, and convection using a Butler-
Volmer-type surface boundary condition [390]. His data suggested that particle incorporation 
increases first with current density, but decreases again at higher currents, and that there is a 
strong influence by the ratio of particle and electrolyte diffusivity. Fransaer et al. developed 
an elaborate hydrodynamic model (trajectory analysis) for the codeposition based on a 
detailed consideration of forces acting in the electrolyte bulk and close to the surface of a 
rotating disc electrode on a spherical particle large enough to neglect Brownian motion [391]. 
They distinguished between the forces exerted by the moving liquid and external forces, the 
latter including gravity, buoyancy and electrophoretic force in the bulk of the solution and 
also dispersion forces and double layer forces between particles and the electrode surface at 
small separations. In order to calculate the electrophoretic force and the double layer force 
they calculated local ion concentrations and potential distribution using the orthogonal 
collocation technique. This allowed them to calculate how many particles arrived at the 
electrode surface in a certain time. However, their model could not describe the entrapment / 
detachment of particles, which is why they introduced a reaction term into the model, and 
correlated the probability for a particle to stick to the surface with a critical shear force. They 
tested the model using polydisperse spherical polystyrene particles in copper electrolyte and 
compared the experimental and theoretical degree of particle incorporation as function of bath 
concentration. They showed that the experimental degree of incorporation depended both on 
the radial position and on the electrical current. The latter effect was not predicted by 
trajectory analysis, leading to the conclusion that the particle adhesion strength depended on 
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current. Fransaer et al. then presented evidence that the crossing of the point of zero charge of 
the copper electrode was responsible for that behavior, with a lack of structural ordering of 
the solvent molecules due to the absence of an electric field at the pzc being responsible for a 
maximum rate of codeposition. Such so-called structural forces like hydration forces are 
repulsive, and introduce a secondary minimum in the force-distance curve as described by 
DLVO theory. Hydration forces differ also between hydrophilic and hydrophobic particles 
(the latter ones being more readily incorporated) and can be influenced by additives 
(monovalent cations, surfactants). The authors also pointed to the importance of the 
interaction between incoming particles and deposited particles at more concentrated solutions, 
not included in the theory. Takahashi et al. studied experimentally the codeposition of SiO2 
particles in Zn-Fe and Zn-Cr alloys [392]. They found a mutual acceleration of the deposition 
of SiO2 and iron, and the presence of SiO2 was also required to codeposit Cr with Zn. These 
results are supporting the role of ions adsorbed on the particles for the codeposition process. 
A more detailed review of the models developed before 1995 as well as a survey of 
experimental findings those models have to explain are given in the review by Hovestad and 
Janssen [385]. Wang et al. presented a phenomenological model to explain the dependence of 
extent of co-deposition as function of suspension concentration and current density [393]. 
They did not consider the hydrodynamic conditions which they kept constant in the 
experiments, but assumed that the amount of adsorbed particles equals the sum of incoming 
particles and detached particles, which are in dynamic equilibrium, that the adsorption energy 
follows a normal distribution, and that a particle is incorporated once its adsorption energy 
exceeds a critical value. From these two assumptions the authors derived a formula, which 
allowed them to determine the average adsorption energies (with respect to the critical 
adsorption energy), and to describe their experimental data. They found the particle coverage 
at the surface to decrease with increasing current density, but the average adsorption strength 
to increase at the same time. This explained also the occurrence of a maximum in the 
embedded number of particles as a function of current density. Nowak et al. performed 
impedance measurements during electrodeposition of Ni in the presence of SiC and SiO2 
particles [394]. The double layer capacitance was found to decrease in the presence of SiC, 
but less than expected due to an increase in surface roughness, whereas it increased in the 
presence of SiO2. SiC was embedded in the Ni film, whereas incorporation of SiO2 was 
negligible. Based on the findings from literature, that SiC particles immersed in aqueous 
environment are covered by a few monolayers of SiO2 and have a similar point of zero 
charge, but that SiC is hydrophobic, the authors suggested that incorporation into a growing 
deposit requires the removal of the water film on top of the particles, which is easier for 
hydrophobic particles. This hypothesis was further supported by Terzieva et, who studied the 
codeposition of hydrophilic and hydrophobic silica particles during Cu electrodeposition in 
the presence of different surfactants (cetyl trimethyl ammonium hydrogen sulfate (CTAHS) 
and sodium dodecyl sulfonate (SDS)) [395]. They observed no incorporation of hydrophilic 
silica, but obtained incorporation of hydrophobic silica in the presence of 10-4 M CTAHS, but 
not in the presence of SDS. Whereas the hydration force could explain these results (Cu ions 
are expected to adsorb neither on hydrophilic nor on hydrophobic silica), the exact role of the 
surfactant on the deposition process had not been understood. Vereecken et al. developed a 
model for the codeposition of nanosized particles on a rotating disc electrode [396]. Opposite 
to the treatment of Fransaer [391] for large particles Vereecken et al. assumed that transport 
of particles is solely taking place by diffusive transport across the diffusion layer, the 
thickness of which is adjusted by the rotation rate [396]. The model holds as long as the 
particle diameter is smaller than the diffusion layer thickness. The incorporation probability 
for a particle is considered to increase with current density, which translates to a lowered 
surface particle concentration in the model, and to be 1 above a certain current threshold. The 
result is an equation giving the volume fraction of particles in the film as a function of 
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rotation rate, current density and bulk particle concentration. The authors fitted that formula to 
experimental data of Ni / 300 nm Al2O3, and found excellent agreement. Dedeloudis et al. 
applied the colloidal probe technique for the direct measurement of the surface forces between 
a metal electrode (copper) in a plating electrolyte and hydrophilic and hydrophobic particles 
(glass / polystyrene beads) [397]. The forces measured between Cu and polystyrene were 
attractive, permitting a direct surface contact between particles and Cu. This was explained by 
prevailance of the hydrophobic interaction and van der Waals forces. During deposition the 
Cu grows around the polystyrene sphere, and the interaction between substrate and particle 
increases. On the other hand, repulsive interactions were found for the hydrophilic glass 
particles, and explained with the hydration force, that causes an electrolyte film to be present 
between Cu and particle, and prevents direct contact. Therefore Cu plating can take place 
underneath the particle as well, and the particle is not incorporated in the deposit. Lee and 
Talbot focused on the modification of the metallic film growth by the presence of a non-
conducting particle close to or even at the interface [398]. They performed finite element 
simulations for the limiting cases of primary and secondary current distribution, neglecting 
fluid motion underneath the particle. The current distribution was found to be altered strongly 
by the presence of the particle. In the case of a primary current distribution, the growth of the 
film was found to be much slower within the area covered by the particle, and the current 
initially becomes largest at a distance of twice the particles center. With growth the position 
of the maximum current shifts towards the edge of the particle and drops to zero below the 
entire particle radius. This leads to formation of a void below the particle. In the case of a 
secondary current distribution, the current density is more uniformly distributed, and void 
formation underneath the particle is avoided. However, a small void is formed on top of the 
particle. The same authors later published a model to calculate the amount of incorporated 
nanosized particles during electrocodeposition on a rotating cylinder electrode, which is based 
in part on the model of Celis et al. and mainly focused on transport properties [399].  
 
The deposition of ceria containing metals has been studied to a lesser extent than the 
incorporation of Al2O3 and others. Ni/ceria and Co/ceria composites are interesting in the 
context of high temperature fuel cells [400]. Carac et al. incorporated µ-sized ceria particles 
from Watts-type electrolytes in Ni and Co without using ultrasound and registered an increase 
in microhardness [401]. Lee et al. applied ultrasound during the preparation of Cu/Al2O3 and 
Cu/CeO2 composites, but not in the face on geometry [380]. They found that ultrasound was 
less efficient in breaking up agglomerates in the case of ceria. Lampke et al. performed the 
electrodeposition of Ni/TiO2 and Ni/Al2O3 deposits in an ultrasonic bath [179]. Qu et al. 
treated the electrolyte with ultrasound before electrodeposition of Ni/ceria composites [402]. 
 
The deposition of Ni/CeO2 and Co/CeO2 films was studied by EQCM in the presence of 
ultrasound in [368, 381]. The aim of these studies was to enhance the incorporation of ceria in 
Ni and Co films using ultrasound even at low solids loading, to monitor the deposition in-situ 
by EQCM and to compare different Ni and Co electrolytes. The major anticipated effects of 
ultrasound were to act as a very efficient means of stirring in order to distribute the ceria 
homogeneously in the electrolyte, to drive the particles towards the electrode, and to – 
possibly – help in breaking up soft agglomerates [179, 380, 402]. In the case of nickel 
experiments were performed in typical concentrated nickel electrolytes at 50 °C, namely a 
Watts type electrolyte (30 g/l NiCl2 + 234 g/l NiSO4 x 6 H2O + 30 g/l H3BO3 + 3 mg/l sodium 
dodecylsulfate (SDS), based on [179]) and in a sulphamate bath (100 ml of a 50wt% solution 
of Ni(NH2SO3)2/ l electrolyte, 10 g/l NiCl2 x 6 H2O, and 40 g/l H3BO3, based on [403]). Co 
deposition was performed from a concentrated electrolyte (1 mol/l CoSO4 x 7 H2O, 0.2 mol/l 
CoCl2 x 6 H2O, 0.28 mol/l H3BO3, 0.4 g/l SDS, pH ~ 4.5) and a less concentrated one (0.1 M 
CoSO4 + 0.1 M Na2SO4 with pH adjusted to 4, based on [404]), both at 25 °C. For 
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Sulfamate-based electrolyte.  Opposite to the Watts electrolyte, the shape of the cyclic 
voltammogram severely changed upon application of ultrasound. Figure 29a shows current 
and mass changes measured during cyclic Ni deposition and dissolution in the absence of 
ceria, under the influence of ultrasound. Whereas the mass trace looked normal for a metal 
deposition and dissolution system, the current response differed very much from the Watts 
electrolyte shown above. The currents during the sweep to more negative potentials were 
smaller than during the backsweep, and stayed negative for most potentials even in a range 
where Ni dissolution was seen in the EQCM signal. On the cathodic back sweep there was a 
positive peak superimposed to the current trace, and this peak actually was the Ni dissolution 
peak (arrow in Figure 29). If one calculates from the mass changes applying Faradays law the 
corresponding currents of Ni deposition and dissolution without side reactions (i.e. at 100% 
current efficiency), one obtains a plot corresponding to a normal cyclic voltammogram 
(Figure 29b). Even more, the curve obtained is very similar to both the corresponding curve 
and the voltammogram under silent conditions. Therefore ultrasound did not alter Ni 
deposition itself a lot. However, it strongly accelerated side reactions. These are probably due 
to the sulfamate ions not present in Watts electrolyte. 
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Figure 29. Cyclic voltammogram recorded at a scan rate of 0.005 V/s in a Ni sulfamate electrolyte in 
the presence of ultrasound at Ia = 22 W cm-2 (left) and comparison of current densities calculated from 
mass changes during cyclic voltammetry applying Faradays law with data from the analogous 
experiment in the absence of ultrasound (right) (from [381]). 
 
A number of potentiostatic and galvanostatic depositions of Ni/ceria composites from 
sulfamate-based electrolytes have been performed. Under silent conditions in the absence of 
ceria Ni could be deposited at –0.73 V with an εapp of 103%, indicating only a little role of 
side reactions and of Ni(OH)2 deposition. With 5 g/l ceria and application of ultrasound 
currents increased and became noisier, but εapp dropped to 30%, and actual deposition slowed 
down. Higher current densities improved both the current efficiencies (up to 80%) and the 
amount of ceria incorporated. During the galvanostatic deposition from the sulfamate 
electrolyte more ceria was incorporated than during the potentiostatic deposition from the 
Watts electrolyte. However, the current density also was larger. The ceria content obtained 
still was rather low, less than 2.5 wt%. Literature values range from 5 vol% (50 g/l ceria in 
solution) [401] up to 20 vol% (in Cu, 20 g/l ceria, strong ultrasound) [380]. In these studies 
however suspension concentration was much higher. The morphology of the deposits 
obtained from sulfamate was not strongly altered by the presence of ceria. 
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The electrochemical behavior of the Watts bath and the sulfamate electrolyte therefore were 
found to be very different in the presence of ultrasound. From EQCM it was concluded that 
these differences do not concern so much the deposition of Ni films themselves. Indeed 
Ni/ceria films deposited from both electrolytes showed a very similar morphology. The Ni 
deposition was only slightly enhanced during application of ultrasound, because the high Ni 
concentrations prevented mass transport limitation even under silent conditions. EQCM 
permitted to directly monitor the deposition of the Ni and composite films even in the 
presence of ultrasound. However due to current efficiencies far less than 100% and the 
relatively low amounts of ceria incorporation a direct determination of the ceria content in the 
growing layers was not possible. 
 
Deposition of Co/CeO2 
 
Low Co concentration electrolyte. Under silent conditions cobalt deposition on bare gold 
without CeO2 was reported to start below –0.7 V (cf. Figure 30). From the absence of a 
cathodic current peak it was concluded that Co deposition was not under mass transport 
control. Dissolution started around –0.5 V, and an anodic peak was located around –0.18 V. 
The general shape of the frequency was as expected for metal deposition / dissolution, 
however only half of the material deposited was redissolved in the anodic sweep. This was 
explained by the incorporation of Co(OH)2 in the deposit, in agreement with findings reported 
in [404], where it was shown that Co(OH)2 incorporation is especially important at low 
overpotentials. Co is less noble than Ni, and hydrogen evolution takes place in parallel to the 
metal deposition, causing an increase in pH close to the electrode and thus Co(OH)2 
precipitation. The remaining deposit was removed by polarization at 0.65 V for several 
minutes. 
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Figure 30. a) Cyclic voltammogram (line) and frequency change (circles) in 0.1 M CoSO4 + 0.1 M 
Na2SO4 (pH ~ 4) under silent conditions. b) Cyclic voltammogram and frequency change in cobalt 
electrolyte containing 5 g/l CeO2 at Ia = 29 W cm-2. Arrows indicate sweep direction. Sweep rate: 5 
mV/s (from [368]). 
 
Even though the general shape of the voltammogram did not change much under ultrasonic 
irradiation of Ia ~ 29 W cm-2, and only a slight increase in currents and mass deposited by a 
factor of less than two was reported, deposition was completely reversible under sonication. 
This was explained by the enhanced mass transport reducing the pH increase at the electrode 
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and therefore the tendency for Co(OH)2 precipitation. The addition of 5 g/l CeO2 caused a 
decrease in the currents (cf. Figure 30), and the influence of the Ia on currents and frequency 
changes was even less than without ceria. Even with ultrasound now the deposition was not 
completely reversible. This was explained by the presence of ceria particles decreasing the 
active surface area and inhibiting grain growth, as suggested by Qu et al. to explain changes 
in morphology of Ni/CeO2 deposits [402], and by increasing the solution pH. 
 
Potentiostatic Co deposition experiments at – 0.85 V were performed under sonication, until 
the total frequency change exceeded 250 kHz. The currents were found to increase 
continuously with time, and a strong frequency decrease was observed (Figure 31). As in 
cyclic voltammetry currents decreased with increasing ceria concentration. The frequency 
change took place fastest for 3 g/l CeO2. In the presence of ceria a strong increase in the 
damping was reported after a few minutes of deposition, indicating roughening of the 
electrode (Figure 31). Whereas the damping increase at 3 g/l still was in the range where 
Equation (7) can be applied, this was not true for 5 g/l ceria. Without ceria, an apparent 
current efficiency εapp of 93% could be determined from the slope of the mass vs. charge 
curve. With 3 g/l ceria, εapp was 147%. This large number was explained by the precipitation 
of Co(OH)2, by a contribution of the deposit roughness, and by the mass of co-deposited 
ceria. According to EPMA the ceria contents in the deposits were 6.2 wt% for 3 g/l and 7.8 
wt% for 5 g/l solution concentration. These numbers are quite large given the low solution 
concentrations. Cârâc et al. found – using a 1.2 M Co electrolyte and 50 g/l µm-sized CeO2 
particles– values of 22 wt% [401]. 
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Figure 31. a) Current transients (lines) and frequency changes (symbols) and b) electric charges 
(lines) and damping changes (symbols) recorded during potentiostatic deposition of Co from 0.1 M 
CoSO4 + 0.1 M Na2SO4 (pH ~ 4) at 40% ultrasonic amplitude after addition of different concentrations 
of ceria (legend) (from [368]). 
 
SEM indeed demonstrated a strong impact of ceria addition on the morphology of the deposits 
(Figure 32). The roughness of pure Co deposits already was higher than those found for more 
concentrated Co electrolytes. In the presence of CeO2 the morphology of the deposits was 
distinctively different. It was less uniform especially at the edges of the electrode, and showed 
a very porous fine structure with fiber-like entities. This fine structure was taken as the 
explanation for large increase in damping during electrodeposition, and also for the pitch 
black optical appearance of the layers with 5 g/l CeO2. Despite the fact that all films were 
deposited until the same value of ΔfR was achieved the films with ceria were between 2 (3 g/l, 
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both reduction of cathodic reaction rates and therefore less cathodic corrosion as well as 
inhibition of dissolution of some constituent phases contribute. 
 
Yoon and Buchheit [194] sputter-deposited Al2CuMg thin films on quartz resonators. They 
exposed the films to 0.5 M NaCl solution. They saw an initial increase in OCP connected to a 
high rate of mass loss, followed by a stable period, where neither OCP nor mass changed 
significantly. The authors interpreted this finding by formation of a protective Cu surface film 
during initial dealloying. These results were supported by EDS spectra. Later, a slight 
decrease in OCP was connected with stable corrosion and a high mass loss rate, causing 
further copper enrichment. The authors also treated some specimen with a commercial 
chromate conversion bath. During the treatment they reported a small net mass loss, which 
decreased with time due to the increasing protectiveness of the growing CCC layer. CCC 
formation lead to a change in surface morphology (shrinking cracks) and a small contrast in 
Volta potential maps, but did not cause Cu enrichment. After immersion in NaCl, OCP soon 
assumed similar values as for untreated Al2CuMg, but the measured mass loss rate was much 
less than for untreated samples. This showed that even for Al2CuMg which is considered as a 
weak spot in technical aluminum alloys after chromate conversion coating the CCC treatment 
reduces the corrosion rate. 
 
2.3.4. An EQCM study of the corrosion of Al-Cu model alloys [405] 
Schneider applied EQCM to study corrosion processes on synthetic Al model alloys of the 
array type discussed in section 2.1.3. Standard 10 MHz AT cut quartz resonators were used 
for the preparation of synthetic alloy samples. One of the Au electrodes of the quartz 
resonators was replaced by a sputter-deposited Al electrode and thereafter 
photolithographically structured in the piezoelectric active region to allow for the sputter 
deposition of arrays of Cu or Al-Cu-Mg islands embedded in the aluminum. The composition 
of the films and the AlCuMg-targets was studied with scanning electron microscopy (SEM) 
and energy dispersive spectroscopy (EDS). Details about the experimental procedure can be 
found in [405]. A typical sample containing 20 µm diameter islands of Al-Cu-Mg in Cu is 
shown in Figure 33. 
 
a) b) 
Figure 33. Array of 8400 Al-Cu-Mg islands embedded in an Al matrix on a quartz resonator. Islands 
diameter: 20 µm. Spacing: 40 µm. The islands are about 750 nm high. 
 
The corrosion behavior of synthetic Al alloys with large Cu islands was studied in 0.5 M 
NaCl solutions and 0.5 M NaCl with pH adjusted to 4 or 3.5. Initially, the OCP of a specimen 
(114 µm island diameter, total Cu area 0.011 cm2) was around –0.7 V vs. Ag/AgCl, and then 
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decreased to much lower potentials. OCP was more positive than typically observed for 
sputter-deposited pure Al samples. There was no clear trend regarding the open circuit 
potential and the size of the Cu islands (at constant island number), i.e. the relative area 
covered by Cu. However, the OCP values before and after onset of corrosion were in a range 
which compares well with observations on AA2024-T3. 
 
The corrosion resistance as determined by EIS first dropped by one order of magnitude, and 
thereafter increased again slowly with time. For EQCM experiments, typically the free 
corrosion potential of a specimen was monitored, and the resonance spectrum recorded in 
parallel. A characteristic result for short immersion times in 0.5 M NaCl is shown in Figure 
34a. The potential decrease was accompanied by an increase of the resonance frequency, 
indicative of mass loss of the sample by Al corrosion. Similar observations were also made 
for other specimens. The damping changes were insignificant [405]. Therefore the Sauerbrey 
equation was applicable, and a mass change of approximately 2.4 · 10-10 g cm-2 s-1 was 
calculated, which translated into a corrosion rate of ~ 30 µm/year. 
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a) b) 
Figure 34. Change in resonance frequency and open circuit potential [405] of a) a quartz resonator 
coated with a synthetic aluminum alloy (142 µm diameter, 360 µm spacing, 110 islands) during early 
immersion in 0.5 M NaCl. b) a quartz resonator coated with a synthetic aluminum alloy (185 µm 
diameter, 400 µm spacing, 110 islands) during one day immersion in 0.5 M NaCl. 
 
At longer immersion times the behavior changed completely. The frequency passed through a 
maximum and decreased thereafter, while in parallel the damping increased significantly, and 
the total Δw amounted to about twice the magnitude of Δf (cf. Figure 34b). Occasionally the 
frequency behavior was very erratic, with large fluctuations in resonance frequency 
accompanied by transient increases in the damping. 
 
These observations were explained by the deposition of corrosion products especially around 
the Cu islands [405]. Some examples are given in Figure 35. For samples with large spacing 
between the islands the corrosion products were mainly on the islands and in their close 
vicinity (Figure 35a, b). For samples with a small spacing between the Cu islands corrosion 
products were also present on the entire matrix between the islands (Figure 35c). A band of 
corrosion products formed outside the entire electrode array, with no corrosion products on 
the Cu islands in the immediate vicinity (Figure 35d). The latter findings were similar to those 
reported by Missert et al. [30]. The corrosion products consisted of aluminum hydroxide 
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strong accumulation of corrosion product on the island and in rings exactly at the interface 
between island and Al-matrix indicated that the material originated from localized corrosion 
of Al at the interface to the Cu island, similar to trenching observed with commercial 
AA2024-T3 and other aluminum alloys. For synthetic Al alloys it is known that as long as the 
Cu islands are apart from each other by a distance larger than the typical thickness of the 
diffusion boundary layer under the conditions of natural convection (~ 10-100 µm according 
to [29]), the individual pH fields do not overlap [29, 30]. If the distance between the islands is 
small enough more uniform pH fields develop. This explains the patterns shown in Figure 35 
(c, d). 
 
For the exposure of a synthetic alloy specimen with Al-Cu-Mg islands (cf. Figure 33) to 
0.5 M NaCl, pH = 4, it was shown that the potential varied between –0.7 and –0.8 V vs. 
Ag/AgCl. In general the potential measured shortly after immersion was lower than for 
samples with Cu islands. This is in agreement with the anodic nature of the original Al-Cu-
Mg phase. EQCM data for the specimen shown in Figure 33 were characterized by the quartz 
resonance frequency passing through a maximum, and then decreasing for 3h, while the 
damping continuously increased. Afterwards, transient increases in the damping were 
observed, connected to fluctuations in the frequency signal. After the end of the corrosion 
experiments some of the islands were completely missing. The remaining islands showed no 
more Mg. On samples with much larger islands even after one day of corrosion some islands 
still retained some magnesium. In part dense deposits of corrosion products (mainly Al-oxide) 
were found on the islands. Some flocs of corrosion products also could be found in the 
aluminum matrix, and here especially at the outer edge of the specimen. This demonstrates 
that these islands served as local cathodes. Cu was enriched in the islands, and was also found 
outside of the islands on the Al-matrix. The absence of Mg proved that these islands had de-
alloyed and therefore were Cu rich remnants, which then probably acted as local cathodes. An 
EDX linescan extending from a point within the matrix to a point on the island showed the 
presence of Cu up to a distance of 4 µm outside the island. This strongly suggested, that also 
these synthetic Al alloys show some Cu replating originating from the Al-Cu-Mg phase. In 
the light of the findings of Jorcin et al. [195] a contribution of crevice corrosion from the 
boundary region between the Al-Cu-Mg islands and the Al matrix in these synthetic alloys 
cannot be excluded. 
 
2.3.5. Miscellaneous 
 
EQCM for the study of conducting polymers 
Electronically conductive polymers have been intensively studied since 1977 [406, 407]. 
Examples are polyacetylene, polypyrrole, polythiophene, poly-p-phenylene, polyaniline 
(PANI) and their derivates, but also many other heterocyclic or aromatic polymers [408]. 
Many of these polymers can be prepared by electrochemical oxidation from aqueous or non-
aqueous electrolyte solutions containing the respective monomer. During 
electropolymerization itself, charge compensation requires the incorporation of anions, and 
the polymers are obtained in the doped state. They are characterized by a good electrical 
conductivity combined with a low weight. The conductivity is based on a conjugated π-
electron system, and the formation of charge carriers like polarons or bipolarons by doping. 
Doping is usually achieved by chemical or electrochemical oxidation of the polymer 
backbone, in some cases (e.g. PANI) also by exposure to acid. To maintain electroneutrality, 
doping is accompanied by the incorporation of counter ions into the polymer matrix. The 
doped polymer therefore has a salt-like character. Dedoping (e.g. by electrochemical 
reduction) is accompanied by the expulsion of the counter ions from the polymer, or by 
additional incorporation of cations into the polymer. Cations can only be expelled during 
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oxidation of a conducting polymer as long as some mobile cations are present in the film, and 
they only can be incorporated during reduction if space is available [409]. During 
electrochemical polymerization usually the doped form of the polymer is obtained. The 
materials possess potential for many applications, like antistatic coatings and composites, 
electromagnetic shielding, in the production of integrated circuits, the controlled release of 
substances, in ion exchange membranes, electromechanic actuators, in sensors, as 
electrochromic materials, in polymer LEDs, batteries, and for corrosion protection [410]. 
 
The electrochemical quartz crystal microbalance technique has been applied for a long time in 
order to study the electrochemical behavior of conducting polymer films. Already 1983 
Kaufman et al. reported that the charge compensation during electrochemical 
oxidation/reduction of polypyrrole (PPy) in LiClO4 electrolyte proceeds via the Li+ ion and 
therefore cation exchange [411]. Baker and Reynolds studied the polymerization mechanism 
of polypyrrole in non-aqueous solvents [412]. Further early studies especially on ion 
exchange processes followed [357, 413-416]. Over the years, many studies on the subject 
were published by Hillman, Bruckenstein, and co-authors, considering in depth the processes 
of ion exchange in connection with salt and solvent transfer [417-419]. In part combination 
with other techniques like probe beam deflection was applied and also the occurrence of a 
non-gravimetric response due to film resonance was discussed [417]. In the presence of 
incorporation / expulsion of solvent and neutral salt in addition to the ion exchange processes 
it is no longer possible from EQCM to separate anion and cation exchange processes 
accurately without additional experimental data. Heinze and coworkers performed many 
studies on synthesis of different forms of polypyrrole and the resulting ion-exchange 
characteristics [420, 421]. Gabrielli, Perrot and co-workers combined the electrochemical 
quartz crystal microbalance technique with electrochemical impedance spectroscopy at low 
frequencies and called the technique ac electrogravimetry [422-425]. In addition to the 
measurement of the normal alternating current response as a result of an ac small amplitude 
voltage signal superimposed to the electrode potential, they also measured the resulting 
periodic mass changes. Bailey et al. as well as Bund et al. performed combined EQCM / 
Surface Plasmon Resonance studies [426, 427]. Recently, non-gravimetric contributions 
during redox switching of polypyrrole and other conducting polymers, often neglected in 
earlier studies, have moved in the focus of interest, and changes in complex shear modulus 
during polymerization an doping / dedoping have been studied [428-430]. 
 
Poly(para)phenylene (PPP) and its derivatives are interesting candidates for the construction 
of organic light emitting diodes (OLED). PPP can be prepared by polymerization of benzene. 
Due the high oxidation potential electrochemical polymerization originally was performed in 
solvents like liquid SO2, HF/SbF5 or 18-molar H2SO4 [431, 432]. Later deposition was also 
successful from organic solvents [433] and AlCl3 based ionic liquids that however had the 
disadvantage of chlorine evolution at the potentials required for benzene oxidation [434-437]. 
Finally Zein el Abedin et al. succeeded in electropolymerisation of benzene from the ionic 
liquid 1-hexyl-3-methylimidazolium tris(pentafluoroethyl)trifluorophosphate ([HMIm]FAP) 
[438]. Ionic liquids (IL) consist only of (organic) cations and anions, basically constitute 
molten salts with a melting temperature below 100 °C, and often are liquid at room 
temperature [439]. One of their advantages is the wide electrochemical window permitting the 
deposition of unnoble metals, semiconductors and also electropolymerisation of polymers 
from monomers with a very high oxidation potential. In a subsequent study both the 
electropolymerisation and the ion exchange processes during redox cycling in the monomer 
free ionic liquid were studied by the electrochemical quartz crystal microbalance technique 
[440]. This was one of the first applications of the EQCM technique in ionic liquids. As 
substrates 10 MHz AT cut quartz crystals with Pt electrodes on a Ti adhesion layer on both 
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sides were used, and all electrochemical measurements were performed in a glove box. The 
major results of this study are summarized below. 
 
The immersion in ionic liquid caused a strong decrease in the resonance frequency of the 
quartz by about 24 kHz and an increase in the damping by 49 kHz. These numbers were 
verified applying Equation (8) by inserting the large values for the viscosity (η = 0.115 Pas, 
100 times as big as for water) and density (ρ = 1.56 g cm-3) of the ionic liquid [441], resulting 
in Δf = Δw/2~ 28000 s-1. The applicability of the Sauerbrey approach was verified for both the 
benzene electropolymerisation and the PPP ion exchange processes.  
 
The shape of the cyclic voltammogram in a solution of 0.2 M benzene in [HMIm]FAP was 
reported as typical for electropolymerisation of conducting polymers (Figure 36a). 
Polymerisation started at E ~ 1.8 V in the first cycle, as seen by a steep almost linear increase 
in current accompanied by an irreversible mass increase. Subsequently at lower potentials a 
shoulder and a cathodic wave accompanied by a mass decrease were observed in the cathodic 
sweep, and a broad oxidation peak accompanied by a mass increase in the anodic sweep. Both 
peaks and mass changes were found to increase from cycle to cycle. A separation between 
reversible (redox switching of the polymer) and irreversible (polymerization) charge and mass 
changes was possible (Figure 36b). Based on these data and the slopes dm/dQ in the linear 
region the following conclusions were made: 
 
 The amount of polymer newly deposited decreased from cycle to cycle 
 In the fully oxidized state, every third to fourth benzene ring carried a positive charge. 
With increasing thickness of the polymer, reduction reaction no longer involved the entire 
polymer, leading to lower apparent degrees of doping x. 
 A certain amount yIL of ionic liquid was absorbed in the growing film and retained even 
after reduction, and therefore dm/dQ measured during electropolymerisation was larger 
than expected from the molar masses of benzene and the FAP anion. It was possible to 
calculate yIL from the data shown in Figure 36b and a complete mass-charge balance 
(disregarding potential loss of oligomer intermediates formed during benzene oxidation). 
Results are given in  
 Table 4. 
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Table 4. Degree of doping x and amount of ionic liquid yIL absorbed in PPP-polymer film during 
electropolymerisation. 
cycle x yIL
1 0.352 0.26 
2 0.318 0.14 
3 0.284 0.16 
4 0.268 0.16 
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Figure 36. Electropolymerisation of benzene by cyclic voltammetry between 0 and 2.2 V vs. Pt in 
a solution of 0.2 M benzene in [HMIm]FAP at a scan rate of 10 mV s-1 [440]. a) differential mass 
change b) mass and charge flux for all 5 cycles. The cycle number is indicated in the Figure. In each 
cycle, charge and mass of the polymer showed a maximum after the end of the polymerization (Qmax, 
mmax), and decreased during film reduction to a minimum (Qmin, mmin). In the electropolymerization 
region, mass scaled linearly with charge, and the slope dm dQ-1 was determined by linear regression, 
as indicated for cycle 2 in the insert. The fit line has been extended for improved visibility. 
 
Analysis of ion-exchange processes during redox cycling of PPP in benzene-free IL was 
facilitated by the absence of a non-ionic solvent. In an ionic liquid only anions and cations can 
be involved in the redox reaction of the polymer. A simple formula to split the total mass flux 
in function of the electrode potential into the (molar) contributions from the cations (zc(E)) 
and the anions (za(E)) based on EQCM data alone was given, using procedures similar to 
those applied for polymers in aqueous solutions: 
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However it was considered that the analogue to salt transfer in aqueous solutions could take 
place, if IL formed within the polymer by cation ingress or included during polymerization is 
expelled at a later stage of reduction, e.g. by structural changes of the polymer backbone. This 
additional mass transfer would be unrelated to the current at that time, and the apparent 
contribution of anions to the redox process would be increased. It was emphasized that 
normally it is not necessary to distinguish between real and apparent exchange coefficients, 
because insertion of a cation accompanied by the expulsion of one unit of ionic liquid is 
formally the same as the expulsion of an anion. This situation has been discussed (for 
polypyrrole) in detail in the “cube”-model for aqueous electrolytes in the context of salt 
transfer [409]. The additional contribution from IL expulsion however can cause za(E) to 
become larger than 1, and the corresponding zc(E) to become negative.  
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Figure 37. a) Apparent anion exchange coefficients za during a cathodic sweep of the polymer film 
immersed in [HMIm]FAP. b) Apparent anion exchange coefficients during subsequent anodic sweep 
(open circles). Lines: Corresponding cyclic voltammogram, scan rate: 20 mV/s (from [440]). 
 
The cyclic voltammograms were characterized by rather broad and widely separated peaks. 
Both peaks were found to shift with increasing scan rate. In the beginning of the reduction 
reaction cation ingress for charge compensation was significant, whereas at lower potentials 
anion expulsion was the major process. In addition some (but not all) ionic liquid was 
expelled, causing an apparent za > 100 %. This was similar to the reduction of polypyrrole in 
aqueous solutions and PPP in acetonitrile, where the transfer of neutral species (salt, solvent) 
into solution had been observed especially for strong reduction [409, 418, 433]. Cation egress 
was of relevance during reoxidation of the polymer. The average anion exchange coefficients 
were close to 50% at 20 mV/s, and decreased with increasing scanrates.  
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Combination of EQCM and local probe techniques 
The combination of local probe techniques like AFM and EQCM can provide additional 
information especially under experimental conditions, where the roughness of the 
electrochemical interface influences the quartz response. Bund and co-authors studied the 
influence of the electrode roughness during deposition of the EQCM signal [442]. They used 
an EQCM based on a phase lock oscillator that measures the resonance frequency and the 
damping resistance. Roughness was measured in parallel to the EQCM measurements, and no 
disturbance of the AFM response by the oscillating quartz and vice versa was observed. Cu 
was deposited galvanostatically at applied currents between -0.226 and -4.5 mA cm-2. AFM 
measurements showed a decrease in the roughness of the Cu layer at larger current densities. 
Under these conditions many nuclei are formed across the substrate that can grow and lead to 
smooth films, whereas at small current densities only very few nuclei form and grow to rather 
large crystals [443, 444]. Apparent current efficiencies determined from the frequency shifts 
measured by EQCM were ~ 150% at low current densities, but decreased to 100% at the 
largest current. In addition the damping resistance strongly increased with time at low current 
densities, whereas it remained ~ 0 at high current densities. The authors interpreted this 
behavior by the influence of the surface roughness, which is of the same order of magnitude 
as the penetration depth of the acoustic wave into the electrolyte, on the quartz response. As 
mentioned before such interactions cause strong deviations from the Sauerbrey equation. The 
authors concluded that a direct measurement of surface morphology by AFM could help with 
the quantitative interpretation of the EQCM response and contribute to a separation between 
effects caused by external and by internal friction. 
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3. Mapping and Microscopy in Corrosion Research 
 
3.1. Introduction to microscopy techniques for 3D-monitoring of surfaces 
Confocal Laser Scanning Microscopy (CLSM) is an optical microscopy technique. The 
principle is described in detail in [445]. A laser beam scans the sample in the x-y direction. A 
small pinhole is located in front of the detector at a position that is optically conjugate to the 
focal point in the sample plane. The detector measures the intensity of the light reflected from 
the sample on the focal plane for each x-y-position. If the sample is fluorescent or contains a 
fluorescent dye, it is also possible to monitor the fluorescence intensity for each x-y-position. 
Most of the light coming from out-of-focus planes is focused outside the pinhole and, 
therefore, does not reach the detector. This effect allows sharp imaging of a single sample 
plane known as a slice. Other parts of the sample, even if they should have a brighter signal 
(e.g. stronger reflectivity or stronger fluorescence), do not disturb the image. By moving the 
sample stepwise through the focal plane (upwards and downwards) with a z-scanning stage, 
from the assembly of the slices recorded at each z-step a truly three-dimensional image can be 
obtained from a three-dimensional object. This assembly is known as a stack. For instance 
cross-sections of transparent items like coatings and living cells can be calculated from such 
stack. In Materials Science it allows reconstruction of the 3D surface topography of almost 
any material. Quantitative data for surface roughness, surface profiles, pit depths, coating 
thicknesses etc. can thus be obtained. In addition, a two-dimensional (2D) image with an 
extended depth-of-focus can be calculated. This process assigns a grey level to each image 
pixel, which corresponds to the brightest level at this x-y-position in all slices. Therefore, 
CLSM significantly surpasses the capabilities of conventional optical microscopy to measure 
and quantify surface metrology [27, 445-447]. With the aid of immersion lenses it is possible 
to study samples immersed in a liquid medium and thus to perform in-situ studies of corrosion 
processes. It is also possible to monitor a metal surface underneath a transparent organic 
coating [74, 448]. Those features permitted Schneider et al. to monitor for the first time three-
dimensionally in-situ changes in substrate morphology during underfilm corrosion processes 
[74, 76]. 
 
The maximum resolution in x,y-direction is determined by the laser wavelength and the 
numerical aperture (NA) of the objective lens, and therefore 300 nm at a typical wavelength 
of 488 nm and a NA of 1.0 [445], in agreement with the findings from experiments [74]. 180 
nm are possible [449]. The resolution in z-direction depends also on the diameter of the 
pinhole (which determines the number of slices required for a given z-range). Typical values 
are between 0.4 – 0.6 µm [74, 449]. 
 
The presence of a thin polymer coating on a metal and of electrolyte solutions on top of the 
specimen does not disturb the measurements when appropriate procedures are followed (like 
using a water immersion lens for direct immersion without cover slip). This was demonstrated 
by monitoring some IMCs in a coating blister on an AA2024-T3 panel immersed in 0.5 M 
NaCl (pH = 2.5) with the water immersion lens [74]. After the end of the experiments, the 
specimen was removed from the cell, the organic coating was stripped and corrosion products 
were cleaned off. The same IMCs were imaged in air, using a 50x objective optimized for use 
in air. For a selected IMC, the areas found under both immersed and air conditions were 
identical within 2%. Also the comparison of IMC monitored both with CLSM and SEM 
proved accuracy of the method. 
 
This chapter will focus on the application of CLSM in corrosion research, especially with 
respect to the role of intermetallic compounds in aluminum alloy corrosion. The main 
emphasis will be on the author’s own work, published in a series of papers [32, 33, 74, 76]. In 
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addition some results from Near-field Scanning Optical Microscopy (NSOM), fluorescence 
and AFM studies will be reviewed. Mapping techniques or functional microscopy techniques 
like Scanning Electrochemical Microscopy (SECM), Scanning Kelvin Probe (SKP), Scanning 
Kelvin Probe Force Microscopy (SKPFM), Scanning Vibrating Electrode Technique (SVET), 
Raman microscopy and Local Electrochemical Impedance Mapping (LEIM) will be presented 
briefly towards the end of the chapter. 
 
3.2. Confocal Laser Scanning Microscopy 
 
3.2.1. Applications of CLSM in Materials Science and Corrosion Research 
CLSM is a contact-free non-destructive method [27, 445], and can be applied without the 
need to prepare or alter the sample (no evaporation of conductive layers needed). It was 
developed for and finds extensive use in biology because it allows the three-dimensional (3D) 
in-vivo monitoring of transparent biological entities such as cells and the preparation of 
sections without having to destroy the cells [27, 445]. An early review of the applications in 
materials science can be found in [450]. An emphasis of that paper lies on the investigation of 
structural ordering and dynamics in colloidal suspensions. In turbid disordered suspensions of 
polychlorostyrene styrene sulfonate the existence of voids could be demonstrated and 
explained by strong attractive forces between the particles leading to a gas-solid transition. In 
ordered suspensions of fluorescence-labelled silica spheres stacking disorder could be directly 
observed, which would not have been possible using diffraction methods or conventional light 
microscopy. Another emphasis is on the observation of phase separation in polymer mixtures 
[450]. CLSM has further been used to study defects in thermal spray coatings [446], to 
monitor electropolymerized poly(2-vinylpyridine) films on steel and determine the thickness 
of the polymer coatings [448], to determine diffusion coefficients from fluorescence recovery 
after photobleaching [451], to investigate chemical etching of copper [452], and to measure 
fibre strains in fibre-reinforced titanium matrix composites [453]. 
 
Smyrls and co-workers published a number of studies on corrosion of AA2024 and AA6061 
in slightly acidic (pH = 4) chloride electrolytes containing fluorescein using CLSM, NSOM or 
AFM, each in combination with fluorescence microscopy [26, 27, 37, 44, 454]. They 
demonstrated that fluorescein does not influence the corrosion behaviour of the alloys. At 
open circuit potential, they observed the formation of fluorescent rings around many 
inclusions, which were associated with topographic features. With time, the diameter of the 
rings increased. They concluded the rings were corrosion product consisting of amorphous 
aluminum oxyhydroxides incorporating the fluorescein anion. The fluorescence signal was 
confined to the sample surface and was therefore not directly related to a local increase in 
solution pH. Between matrix and inclusion, a crevice formed [26]. In addition to the 
fluorescent rings, fluorescence was also found on top of some inclusions. In early work, the 
rings were attributed to cathodic sites (Al-Cu-Mn-Fe and Al-Cu) causing matrix dissolution 
and the disk-like fluorescence on inclusions was explained by the corrosion of Mg containing 
particles the dealloying of which causes the deposition of corrosion product on top of the 
particle [27, 37]. In later work the rings were said to be exclusively observed on S-phase 
inclusions as well [26]. The mechanism of the ring formation was attributed to initiation of 
local attack at the interface between particle and matrix, causing a separation of anodic and 
cathodic reactions [44]. The cathodic reaction would take place on the particle, but also on 
other particles nearby causing the site to show a net anodic current. At the interface the pH 
would decrease due to the corrosion of Al and subsequent hydrolysis of Al ions, causing a 
high solubility of Al ions. These diffuse into the bulk of the electrolyte, where the pH is more 
alkaline and the solubility less. Therefore precipitation occurs. The most probable solution 
species under these conditions is Al13O4(OH)247+ [454]. With time, especially after 
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undermining of the particle, the acidic zone increases, causing the ring of corrosion products 
to dissolve and reprecipitate further away from the particle. The authors also studied AA2024 
under an applied cathodic or anodic potential. They found a confinement of the cathodic 
reaction to the inclusions (by SECM), and despite seeing crevices around the inclusions and 
some weakly fluorescent rings they concluded that the cathodic reaction was not responsible 
for the ring formation [26]. However, anodic polarization under deaerated conditions resulted 
in fluorescent rings. Therefore it was concluded that ring formation is due to an anodic 
process, and that anodic dissolution, namely pitting, starts preferentially at the interface to S-
phase inclusions because there exists a dispersoid-free zone [22, 24, 26, 455]. Later, 
fluorescence spectroscopy showed that the fluorescence intensity is proportional to the 
thickness of the corrosion product [454]. In that work Al-ions from the dealloying S-phase 
itself were considered to contribute to the corrosion product formation. 
 
Keene et al. studied the influence of weathering, especially of UV radiation, on the 
degradation of aliphatic polyurethane coatings applied to AA2024-T3 [456]. They used 
different complete coating systems including primer and pigmentation / fillers, and different 
artificial and natural weathering protocols. Cross sections were prepared by microtomy, and 
analyzed by SEM/EDS and FTIR. From the ratio of amide and carbonyl peaks they drew 
conclusions about the extent of photooxidative degradation in these coatings. In a subsequent 
paper [457], they applied a laser confocal topographic scanner to analyse the topography of 
pits in coating blisters formed during salt-spray accelerated corrosion protocol. Their 
measurements however were ex-situ after coating removal. Their IR work indicated that the 
weathering had not altered the topcoat, but that the primer had failed cohesively due to 
undercured (D-type) regions. 
 
Moon et al. studied the formation of an anodic oxide film on Al5052 alloy with ex-situ CLSM 
[458, 459]. Second phase particles can dissolve into the solution during anodization or they 
can be transferred into the oxide, either in metallic or oxidic form. Moon et al. found that the 
metal/oxide interface became more irregular during the anodization whereas the morphology 
of the oxide surface did not alter, and could determine the oxide film thickness from the data. 
They found different types of imperfections in the oxide films and explained their appearance 
(dark, bright) in the CLSM images. They concluded that Mg from Al-Mg particles selectively 
dissolved through the anodic oxide film leaving dark imperfections in the film, whereas the 
oxidation from Al-Fe-Mg particles caused bright irregular imperfections containing in part 
metallic iron. 
 
Microbiogically influenced corrosion (MIC) is another field where CLSM is increasingly 
applied [460-462]. MIC is usually caused by the presence of biofilms on a metal or alloy, 
which are composed of an exopolysaccharide gel containing microbial cells. Monitoring of 
the biofilm after staining it with fluorescent dyes by CLSM permits to determine the 3D 
structure without destruction, even in cases where there are recessed areas under the biofilm, 
and to distinguish between living and dead cells. In addition corrosion on the metal surface 
itself can be monitored [461]. Biocorrosion is a very complex process influenced by many 
different factors, and its understanding therefore requires the combination of many 
experimental techniques and the careful evaluation of results from electrochemical 
experiments [460, 462]. Important aspects are changes in the nature of protective films, e.g. 
due to sulfides produced by the microorganism, production of corrosive species, differential 
aeration effects, change in transport behavior of electrochemically active species, change of 
the local redox potential, change in chemical composition of the aqueous environment (e.g. 
pH), and enzymatic catalysis [460, 461]. A vast amount of research has been dedicated to the 
corrosion of carbon steel in the presence of sulfate-reducing bacteria [460]. In most cases 
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biofilms cause (localized) corrosion. However, there are also some reports on corrosion 
prevention by microorganisms, caused by improved adhesion of protective layers, due to 
barrier properties of biofilms and to the consumption of cathodic reactants and pH changes 
[460, 463]. A review covering as well the historical development and the prospects for the 
future of MIC has been given by Videla and Herrera [460]. They reference some work, in 
which the simultaneous use of microelectrodes and CLSM allowed the correlation between 
oxygen concentration and biofilm structure. In other work local potential and biofilm structure 
were correlated [461] or diffusion coefficients within the biofilms determined [464]. 
Colonization of sulfate reducing bacteria on Cu-Ni alloys could be observed by CLSM even 
though no continuous biofilm is formed – Cu ions are toxic for microorganisms [465]. On the 
substrate Cu2S formed and organic acids were produced. Cu2S as a corrosion product lowers 
the potential for the anodic reaction, and leads to surface films which are not very protective. 
As a consequence, intergranular corrosion was observed [465]. 
 
3.2.2. In-situ studies of corrosion metrology of aluminum alloy 2024-T3 [32, 33] 
Schneider, Ilevbare, Scully and Kelly performed a number of CLSM studies of corrosion 
processes of bare AA2024-T3 in environments of different chloride concentration and pH. 
These electrolytes in part were chosen in order to mimic the composition of the occluded 
solutions found in coating blisters on polymer-coated aluminum alloy [85]. Aim of studies on 
bare alloys was to monitor the corrosion of intermetallic particles and the propagation of 
corrosion into the matrix, to come to a better understanding of the phenomenon of trenching, 
to correlate the findings with the electrochemical behavior of synthesized bulk analogues, and 
to validate the findings with model calculations. 
 
CLSM was carried out using a Zeiss model LSM 510 microscope. Imaging was performed 
with an argon laser (488 nm wavelength). The studies were conducted on 1.5 mm thick AA 
2024-T3 coupons (from Kaiser) that were cut from 90 by 120 cm sheets to squares of about 
2.5 by 2.5 cm. One face of the coupons was abraded with SiC paper (from 180 up to 1200 
grit), and then polished with 1 µm diamond suspension. A thickness of about 0.1-0.3 mm of 
the specimen was removed during the grinding and polishing processes.  
 
 
 
Figure 38. Electrochemical cell for in-situ CLSM of AA2024-T3 specimens (from [74]) 
 
In order to monitor the topography changes in-situ, the specimens were placed in a specially 
constructed flat electrochemical cell mounted on the x-y-z-stage of the CLSM (Figure 38 
[74]) designed for use with the 100x water immersion objective lens (Achroplan, numerical 
aperture 1.0, 1 mm working distance). The electrolytes were not stirred, and there were 
several mm of electrolyte on the substrate in the flat cell. 
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Prior to the introduction of any electrolyte, areas of interest for study were selected with the 
100x immersion objective lens of the CLSM. In some cases, some of the surface features that 
were studied were first chosen with the aid of the SEM. Imaging of the areas of interest 
commenced after the introduction of electrolyte into the flat cell, and any changes in surface 
morphology were monitored with time. 
 
Four different categories of morphological features associated with micrometer-scale 
constituent particles were reported [32]: (i) particles which corroded (Al-Cu-Mg, Al-Cu-Fe-
Mn), (ii) particles which caused trenching in the adjacent matrix, (iii) particles which did not 
corrode at all during the time of immersion, and (iv) pitting in the matrix, possibly initiated at 
IMC particles too small to resolve. In addition the pits initiating at/in the particles were 
observed to extend into the matrix in some cases. 
 
Particles identified with EDS as Al-Cu-Mg particles were found to start corroding within ten 
minutes after exposure to a solution of 0.1 M Na2SO4 + 0.005 M NaCl. Some Al-Cu-Mg 
particles were reported to completely dissolve within the first two hours, although no 
extension of the corrosion into the surrounding matrix was observed [32]. This was consistent 
with polarization curves of Al-Cu-Mg bulk analogues indicating a corrosion rate of about 20 
µm/h at the OCP of AA2024-T3. The bulk Al-Cu-Mg analogue did not exhibit passivity at pH 
3, and little if any at pH 6. Therefore, once the alloy was immersed, there was little to no 
incubation time for the dissolution. In a particle showing distinct regions of Al-Cu-Mg and 
Al-Cu composition corrosion attack had occurred on the entire Al-Cu-Mg surface after 40 
minutes and had expanded into the matrix. The other sections of the constituent particle (the 
Al-Cu phase) remained intact. These observations were in agreement with expectations from 
electrochemical measurements with bulk analogues. As corrosion occurred, the enhanced 
ORR kinetics on the Cu-containing materials compared to high-purity Al exacerbated the 
situation because the increase in the local pH over the cathode increased the OCP difference 
between the Al-Cu-Mg and the Cu-bearing particles [32]. Although the irregular shape of the 
dissolution morphology complicated analysis, a dissolution rate of approximately 2 mA/cm2 
was estimated by the extension rate of the corroded region. The propagation into the matrix 
was explained by the local chemistry formed during the pitting of the S-phase particle and the 
local galvanic coupling being sufficiently aggressive to initiate and support dissolution of the 
matrix. The initiation and growth of regions of attack away from Al-Cu particles 
demonstrated the ability of the particles to polarize the matrix to above its pitting potential 
locally.  
 
Several types of localized corrosion attack were observed on the intermetallic particles in both 
0.1 M Na2SO4 + 0.005 M NaCl and in 0.5 M NaCl. A nearly hexagonally shaped particle 
exposed to the sulfate-based solution started corroding by forming a pit near its center (cf. 
Figure 39). From its shape it was concluded that the particle was at least in part of the Al-Cu-
Mg type. The corroded area increased and covered the entire particle within a few hours. A 
line scan across the particle revealed a minimum depth of the corrosion attack of more than 1 
µm after 280 min (cf. Figure 39d). An accurate determination was complicated by the 
accumulation of large amounts of corrosion products within the pit, and also at the outer edge 
of the particle (Figure 39e). Estimates of the dissolution rates were possible because of the 
regular shape of the site. Assuming a hemispherical pit, the lateral growth rate of the pit was 
converted into current densities by application of Faraday’s laws. From 17 minutes through 
280 min after immersion the average dissolution rate of the pit increased from 350 μA/cm2 to 
3 mA/cm2. These rates do not represent the range of stable pitting rates usually observed 
under potentiostatic control, which are typically on the order of 1 A/cm2, but are more typical 
of metastable pits [466, 467]. As the pit reached its interface with the matrix, its growth 
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slowed and virtually stopped (the radius increased only 700 nm over the last 1 h 40 min of 
observation, possibly due to undercutting of the surface). The attack on a rectangular-shaped 
Al-Cu-Fe-Mn IMC started with the formation of many tiny pits close to one edge. In the early 
stages, the depth changes were too small to be resolved, but later on, pit depths of >4 µm 
could be verified. The dissolution progressed through the rest of the particle and precipitated 
corrosion products were observed around and on the particle. 
 
 
a) b) c) 
 
d) e) 
 
Figure 39. Intermetallic particle corroding on bare AA2024-T3 in 0.1 M Na2SO4 + 0.005 M NaCl. 
Immersion times: (a) 17 min (b) 83 min (c-e) 280 min. (d) height profile across corroded particle (e) 
3D topography (color coded) (from [32]). 
 
In 0.5 M NaCl, multiple large pits formed due to the increased aggressiveness (Figure 39). 
The formation of three larger pits on an Al-Cu-Fe-Mn IMC exposed to 0.5 M NaCl, which 
began to coalesce, was monitored after 12, 50, and 77 minutes of immersion (Figure 41). Two 
of these pits initiated within the particle at or close to the interface with the matrix, whereas 
the other two initiated in the central portion of the particle. The surrounding matrix exhibited 
round pit formation, as well. The pits all initiated within 10 min of immersion. The pit in the 
matrix stifled relatively quickly, growing very little after 30 minutes of immersion. The 
dissolution of the Al-Cu-Fe-Mn particles via pitting would not be expected from its 
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polarization behavior, as it would be expected to be cathodically polarized by the AA2024-T3 
matrix. The two largest pits that form in Figure 41 were estimated to grow initially at a 
dissolution rate of 2.7 mA/cm2. Thereafter, the dissolution rate decreased rapidly. All the 
other pits showed even lower dissolution rates. Assuming that the particle in Figure 41 is 
indeed of Al-Cu-Fe-Mn type, its pitting can be understood in terms of the potential 
dependence of the initiation of metastable pits at potentials below the experimentally-
determined pitting potential. It is well known that metastable pits form on virtually all alloys 
well below the potential determined by polarization scans, which is better described as the 
potential for pit stabilization [226, 467]. Thus, the CLSM images of the Al-Cu-Fe-Mn particle 
shown in Figure 41 are images of the initiation and growth (including stifling) of metastable 
pits. 
 
 
a) b) c) 
Figure 40. Corrosion of a selected area of bare AA2024-T3 in 0.5 M NaCl. a) before immersion b) 
after 22 min of corrosion c) after 65 min of corrosion. 
 
 
 
a) b) c) 
Figure 41. Localized attack on IMC particle and the matrix in 0.5 M NaCl [32]. Immersion time: 
(a) 12.5 (b) 50, (c) 77 min. 
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In some cases, corrosion initiated at the particle/matrix interface and grew into the particle. 
Figure 40 (particle in center) shows an example in which corrosion started at several locations 
along the interface with the matrix. Note that the IMC particle corroded while the matrix in 
the vicinity of this large IMC particle was only slightly attacked, if at all. In the upper left 
area, round pit formation was observed near the IMC. This pit initiated at a small particle and 
grew to a size much larger than the original particle. 
 
Individual IMC particles were attacked much earlier in 0.5 M NaCl solution compared with 
0.1 M Na2SO4 + 0.005 M NaCl (pH 6). Figure 42 demonstrates this difference by comparing 
the percentage of IMC lateral area attacked based on the studies of some IMC, e.g. from 
Figure 39 - Figure 41. The % lateral area attack increases rapidly sooner in 0.5 M NaCl. This 
result indicates a strong effect of Cl- concentration on initiation of pitting of these IMC. 
Nonetheless, once corrosion has started comparable corrosion rates (proportional to the slope 
of Figure 42) can be achieved even in the 0.005 M Cl- solution. 
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Figure 42. Examples for the progress of intermetallic particle corrosion during immersion in 0.5 
M NaCl or 0.1 M Na2SO4+ 0.005 M NaCl [32]. Lines: Sigmoidal fits. Legend: Chloride concentration. 
 
Ilevbare et al. explained the inability of most of the observed pits formed in different IMC 
particles to expand in the surrounding matrix by applying a pit stability criterion based on 
work of Galvele and Pride. Galvele [466] proposed a stability criterion for stable pitting in 
one-dimension that was modified for hemispherical pits by Pride et al. [467]. The criterion is 
in terms of ipit*rpit, where ipit is the current density of the pit and rpit is the radius. Pride et al. 
found [467] that for stable pits to form on Al in chloride solution, an ipit*rpit of at least 2x10-3 
A/cm must be sustained in order for stable pitting to occur with Al3+ transference number 
taken as 0.45 [468], and Deff (Al3+) = 10-6 cm2/sec. They ascribed this to the need to maintain a 
concentrated solution of metal chlorides and accompanying low pH within the pit to prevent 
repassivation. However, it was shown that this number could be reduced to below 10-3 or less 
depending on the precise details [469]. Lower critical values of ipit*rpit imply some 
combination of (a) lower Dapp, (b) lower transference number for Al3+, and (c) lower critical 
concentration for stability (and consequently higher pit pH). Ilevbare et al. showed that an 
ipit*rpit of between 10-7 and 10-6 A/cm is capable of dropping the pH from about 8 to 5 
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considering a completely unbuffered solution. Thus, any intermetallic phase that depassivates 
at such pH could be rationalized to show stable pitting. Al-Mg-Cu particles will dissolve 
actively even at pH 6, undergo dealloying and perhaps experience mass transport controlled 
dissolution, being unable to passivate at any pH. Thus, once there is a breach of the oxide film 
over such particles, the dissolution proceeds even without the need of a low pit pH. However, 
an Al-rich matrix would still require a pH below about 3 or an ipit*rpit value of about 10-3 
A/cm. 
 
From CLSM images the true local anodic current density and pit radius were determined from 
changes in the corroding perimeter detected by CLSM. For the particle in Figure 41, over the 
initial period, the average rate of growth was about 2.7 mA/cm2 for two of the pits in the 
particle. The ipit*rpit for these pits were approximately 3.0 x 10-7 A/cm and 1.8 x 10-7 A/cm, 
respectively, during the fastest portion of the observed growth, and decreased to about 1.5 x 
10-7 A/cm both. All these values are below the limit for stabilization, explaining why these 
pits died at an early stage of growth.  
 
In Figure 39, the pit experienced an ipit*rpit that increased from 2.4 x 10-8 A/cm up to 5.3 x  
10-7 A/cm before it decreased slightly to 1.4 x 10-7 A/cm as the pit reached the interface with 
the matrix and virtually stopped. For this and many of the other particles studied the ipit*rpit 
was less than the criterion for stability for growth of pits in the Al matrix. Thus, all of the pits 
had to die, albeit after different times of growth. The pit in Figure 39 was able to grow beyond 
the diameter of the particle, but the ipit*rpit was insufficient to allow propagation into the Al-
rich matrix. Thus, the extension of the pit was limited by the size of the susceptible material. 
Using an average ipit*rpit of 2 x 10-7 A/cm led to the conclusion that the pit pH was 
approximately 6. Thus, it was not surprising that the pit was unable to propagate into the 
matrix. The additional, slow growth of the pit outside the original diameter was explained by 
undercutting of the surface due to the presence of additional Al-Cu-Mg material just below 
the surface. Similar considerations applied to the particle in Figure 40, where the shape did 
not allow a quantitative analysis. 
 
Ilevbare et al. also discussed the role of the available IMC area to supply the cathodic current 
for stable pit growth. The calculation showed that for a pit of 1 µm diameter meeting the 
criteria of ipit*rpit = 2 x 10-3 A/cm as an example, with the diffusion limited oxygen reduction 
current assumed to be 1 mA/cm2 a radius of 200 µm would be required for the cathodic 
particle, which is much larger than any cathodic IMC seen on the surface. These calculations 
explained why most pits observed grew rather slowly and had ipit*rpit values orders of 
magnitude lower than needed for stable pitting of the matrix. The corrosion products observed 
in the pits (Figure 39e) might have stabilized the growth of the metastable pits for a short 
time, leading to much longer lifetimes than usually observed for metastable pits. The facts 
that extensive pit damage can be observed at open circuit in AA 2024-T3 after long exposure 
periods was explained by the high Cl- concentration, proximity of the sites to a large number 
of Cu-rich IMC that can support cathodic reactions and especially Cu replating. 
 
Schneider et al. studied also trench formation in 0.5 M NaCl (pH 6) electrolyte and mixed 
chloride/sulfate solutions (0.1 M Na2SO4 + 0.005 M NaCl) of pH 3 (“acidic solution”), 6, and 
10 (“alkaline solution”) [33]. Trench formation occurred around some, but not all, particles in 
all electrolytes. Examples for mixed chloride/sulfate solutions are given in Figure 43 [33]. 
The trench around the particle in Figure 43a was at least 2.5 µm wide after 1 day, while the 
particle itself had not been affected by corrosion at all as clearly evidenced by the presence of 
the polishing lines. The depth of the trench was about 3 µm. It was reported that some of the 
particles that showed trenching had rather high Cu-concentrations with little or no Mn or Fe 
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suggesting that they were Al-Cu IMC. Copper concentrations of greater than 20 at% were 
found in six of the nine particles that showed trenching. Indeed, several particles for which no 
trenching occurred after 24 h were identified by EDS as Al-Cu-Mn-Fe. In some cases, the 
matrix around some Al-Cu particles also remained unattacked although these particles were 
close to others which trenched. In the alkaline solution (pH 10), where pitting of the Al solid 
solution matrix was not expected to be prevalent due to the large difference between the open 
circuit and pitting potentials [32], trenching appeared to be the most common form of 
corrosion, sometimes involving several IMC. Deposition of corrosion products was observed 
around all these trenched areas. Interestingly, trenching was observed in acidic solution as 
well, an example of which is given in Figure 43c. Even after 18 hours of exposure, the width 
of the trench was only about 0.5 to 1 µm, and the depth (insofar as not obscured by corrosion 
products) was only 1.3 to 2.3µm. An example for trench formation in 0.5 M NaCl can be seen 
in Figure 40 on the left side: In an area originally containing 2 large IMC and a small one in-
between, separated by a thin strip of matrix material, after 72 minutes of immersion in 0.5 M 
NaCl a single trench that surrounded all three particles had formed, and the matrix between 
the IMC particles had corroded. In both alkaline and acidic solutions there were selected 
particles, which did not corrode and showed no trenching within the duration of the 
experiment (~1 day). 
 
 
a) b) c) 
 
Figure 43. Trench formation in 0.1 M Na2SO4 + 0.005 M NaCl solution of (a) pH 6 (immersion time: 
1 day) (b) pH 10 (immersion time: 9 h) (c) pH 3 (immersion time: 18 h, 20 min) (from [33]). 
 
Figure 44 demonstrates how matrix corrosion due to trenching evolved with time. The 
localized corrosion occurring on larger sample areas (130 µm x 130 µm) was monitored over 
time as well, and related to the total IMC area present at the beginning of the experiment [33]. 
The corrosion in 0.5 M chloride solution occurred much more rapidly than in the 5 mM NaCl 
and sulfate at pH 3, 6 or 10. This underscored the importance of Cl- in trenching and 
suggested that the detailed corrosion process on AA2024-T3 is not governed solely by 
cathodic kinetics of ORR on Cu-rich IMC particles as previously speculated [29, 34, 44, 47]. 
 
Different areas on the same sample corroded somewhat differently, making it difficult to rank 
the corrosiveness of the solutions of different pH. Entire clusters of IMC showed variable 
behavior (ranging from trenching to no attack at all) demonstrating a strong influence on the 
corrosion rate and morphology by the local combination of anodic and cathodic IMC particles 
present. Variability in susceptibility to trenching amongst the IMC was explained by 
differences in the precise IMC composition (linked to electrochemical properties) as well as 
the precise combinations of anodic and cathodic sites nearby. 
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a) b) c) 
Figure 44. Intermetallic particle showing trench formation on bare AA2024-T3 in 0.1 M Na2SO4 + 
0.005 M NaCl. Immersion times: (a) 45 min (b) 123 min (c) 385 min. 
 
In order to test the hypothesis of cathodic trenching, Schneider et al. performed computational 
simulations of the pH evolution above IMC particles in the pH 3, 6, and 10 solutions. The 
goal was to determine the extent to which the pH above the IMC could be driven in the 
alkaline direction by the galvanic coupling between the passive matrix and the cathodic IMC 
particle. The simulations assumed a single IMC with a diameter of 10 µm embedded in a 
passive alloy matrix. The passive current density of the matrix was taken from polarization 
data of AA2024-T3 as 1.8 µA cm-2 in both the neutral and alkaline solutions and 14.4 µA  
cm-2 in the acidic solution [32]. Under the assumption that about 2% of the area of AA2024 
consists of IMC cathodic to the matrix [22, 23], such a passive current requires a cathodic 
current density of 90 µA cm-2 at these IMC in alkaline solution in order to balance the anodic 
and cathodic reaction rates. This value is very close to the estimated diffusion limited current 
density for oxygen reduction upon which calculations of Alodan and Smyrl were based [37]. 
Production of hydroxide at the IMC surface (i.e., the net cathode) and of protons at the matrix 
surface (i.e., the net anode) was considered. Transport in solution was treated as due only to 
diffusion. It was pointed out that in real electrochemical systems natural convection sets an 
upper limit for the diffusion boundary layer thickness. Details of the numerical procedure are 
given in the original publication [33]. 
 
Some results are displayed in Figure 45. A clear pH increase was found for solutions of bulk 
pH 6. In addition, the pH remained high at distances much greater than those over which 
trenching was seen in CLSM. After 5 sec, a pH of 9.30 was obtained at the interface 
IMC/matrix, and 10 µm away from the interface the pH still was 9.19, decreasing then almost 
linearly by 0.06 pH units every 10 µm of radial distance away from the center of the IMC. In 
alkaline solution the pH at all locations on the surface was higher than the most alkaline spot 
for a neutral bulk solution and hardly changed. In acidic solution, the pH of the solution near 
the IMC was raised insignificantly. Chloride was not incorporated in the model. It might be 
argued that Cl- would raise the oxide dissolution rate, but it has been shown that it does not 
affect the kinetics of the ORR. 
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Figure 45. Numerical simulation of the pH near an IMC on passive AA2024 at different bulk pH after 
five seconds. The IMC is located between r = 0 and r = 10 µm at z = 0. The total r- and z-range 
considered in the simulation is 0 – 200 µm. The pH values are given for z = 0 (surface). a) bulk pH = 
7.0, icath = 90 µA cm-2, icorr = 1.8 µA cm-2. b) bulk pH = 10.0, icath = 90 µA cm-2, icorr = 1.8 µA cm-2  
 
Based on these results the different mechanisms of trench formation were compared and 
discussed in detail in [33]. The conventional explanation for trenching around IMC in 
literature was the formation of an alkaline region close to the particle/matrix interface [29, 34, 
37, 44, 47]. A substantial body of observations and calculations supports this explanation and 
has been reviewed in Section 1.3. Within the framework of the model, there are two possible 
mechanisms for the breakdown of the passivity by local OH- production: (a) the initial pH 
increase could be due to the low uniform passive dissolution current of the alloy matrix being 
counterbalanced by the high rates of oxygen reduction reaction localized to the IMC, or (b) it 
could be caused by still higher local ORR reaction rates on Cu-rich IMC supplying the current 
to balance the anodic dissolution of Al-Cu-Mg IMC as well as passive matrix dissolution. 
Either mechanism would account for net cathodes at Cu-rich IMC. 
 
Nonetheless, some of the observations and calculations shown in [33] and summarized above 
were not compatible to a simple pH-induced corrosion description. Increased chloride content 
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led to an earlier onset of trench formation, and thus increased the rate of attack, but had only 
small effects on the ORR kinetics. Trench formation was observed to depend upon the 
type/composition of the copper-rich particle (i.e., Al-Cu-Mn-Fe vs. Al-Cu) despite very 
similar ORR kinetics on synthesized Cu-rich particles. If a pH increase near the particle was 
the sole cause, then only the ORR kinetics of the particles should matter, given equivalent 
mass transport conditions, and the two types of particles should behave similarly. 
 
On the other hand, it was shown that compositional variations occurred amongst IMC of the 
same nominal type [32]. They can influence the rates of the ORR reduction, and cause 
differences between the model alloys used in the electrochemical studies and the behavior of 
the real particles in the alloy. In this context it is of interest that especially particles rich in Mn 
were reported to show little tendency to form trenches. This observation was explained by 
studies from the literature that investigated copper-free IMC containing Al, Fe, and Mn. 
Increases in Mn content rendered the OCP more negative and thus closer to the OCP of the 
matrix, and the rate of cathodic reactions such as ORR decreased strongly [470-472]. 
Compared to model alloys, the actual particles showed lower Mn values, a higher Fe/Mn ratio 
and more Al. The Cu content was very similar to the model alloy. The composition was not 
altered during immersion by dealloying, as Al-Cu-Fe-Mn particles were reported not to 
dealloy [473], and as the compositions before immersion were very similar. Nevertheless, 
because of the higher aluminum content as compared to the bulk analogue used in [32], a 
reduced cathodic reaction rate possibly contributes to a smaller tendency to form trenches. A 
reduced cathodic reaction rate would inhibit both the pH increase and the strength of galvanic 
coupling. 
 
As an additional challenge to the theory of cathodic trenching the observation of trenching in 
both alkaline and acidic electrolytes was considered, even though calculations showed no 
significant local pH increase in either solution. This was exacerbated by the finding that the 
experimental cathodic currents found on bulk analogues were even lower than those used in 
the simulations, in agreement with more recent studies [35, 45]. Previous calculations and 
measurements of pH evolution for trenching [29, 34, 37] have mostly been restricted to 
neutral pH bulk solutions, in which a pH increase over the particle can occur. However, an 
inconsistency was found even at neutral pH. The trench widths observed experimentally were 
much narrower than the alkaline pH zones expected to form in neutral solution above 
particles, with observed trench widths between 1 and 2 μm, whereas the calculated elevated 
pH region extended out for greater than 50 μm, although natural convection at longer times 
than simulated may reduce these regions somewhat. In summary, several inconsistencies 
regarding the applicability of the cathodic trenching model were given [33]. 
 
An alternative model to pure cathodic trenching based on galvanic coupling causing 
preferential breakdown, or at least enhanced passive dissolution, at the interface 
particle/matrix was described. The metallurgy at the particle/matrix interface is complex and 
variable. It has been observed that a 500-nm wide dispersoid-free zone exists around coarse 
precipitates like large Al-Cu-Mn-Fe IMC, and a Cu-depleted zone in the matrix next to Al-Cu 
and Al-Cu-Mg particles [24]. A lower Cu content in the matrix will lower the pitting potential 
[42, 114], which in turn would promote pitting at these specific locations at the galvanic 
couple potentials associated with IMC. Such reduced pitting potentials would be independent 
of pH, but strongly dependent on the Cl- content. Acid pit growth would further be enhanced 
by the proximity of a good cathodic site (the IMC) and a short ionic current path in solution. 
Hence, trenching caused by anodic dissolution would depend on the interaction amongst 
particle composition, the intermetallic compound crystal plane exposed, and microstructural 
and compositional details in the matrix close to each type of intermetallic. Such a model 
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explained the difference in susceptibility between different types of IMC observed in [33], 
relating them to a different degree of Cu depletion or some other compositional variation. Al-
Cu-Mn-Fe compounds contain much less Cu than Al-Cu IMC, leading to less copper 
depletion in the surrounding matrix during their formation. Thus, Al-Cu IMC should be more 
susceptible to trenching than Al-Cu-Mn-Fe IMC, as observed. In addition, the observation of 
trenching in acidic electrolytes could be readily explained with an anodically controlled 
trenching model. 
 
The size of the trenches was also related to the pit stability product ipit*rpit [32] and used to 
explain why in part the corroded area was only three times as large as the IMC itself, despite 
an immersion time of 1 day. Similarly at alkaline pH the corroded area was 5-6 times that of 
the IMC itself, after an immersion time of about 8 h. The increase in corrosion rate as 
compared to near-neutral bulk solution in fact was related to the high bulk pH weakening the 
oxide, and especially to the more positive OCP [32]. Both should facilitate the breakdown of 
the oxide layer. In addition, to explain the temporal evolution of corrosion morphology, it was 
considered that particle clusters were present on the alloy (Figure 43b), and that the cathodic 
area available increased with removal of the surrounding matrix. On the other hand, 
undercutting of an IMC can stop trench growth. 
 
In acidic solution, despite the increased contribution of general corrosion, localized corrosion 
still was observed. However, there was less trenching than in neutral and especially in 
alkaline solution, and localized corrosion was often connected with IMC clusters consisting of 
particles of different composition. The weaker growth of trenches in acidic solution was 
explained by the lower OCP (cmp. [32]) induced by oxide thinning and the overall 
observation of more uniform matrix etching [33]. 
 
An important finding regarding underpaint corrosion was the preservation of galvanic couple 
relationships in pH 3, 6, and 10 solutions with NaCl and that the basic modes of attack such as 
trenching, IMC corrosion and pitting were possible at all pH levels and may be accelerated at 
alkaline pH levels typical of underpaint corrosion cathode sites. These results meant that all of 
these forms of corrosion could be operative and observed under paint even if the underpaint 
corrosion site is acidic or alkaline. 
 
3.2.3. CLSM for the study of underfilm corrosion [76] 
The studies on epoxy-coated AA2024-T3 were the first in-situ studies, where three-
dimensional changes of the substrate morphology were monitored through an organic coating. 
The aim of the studies was to ascertain whether or not the same morphology of attack seen on 
a bare (uncoated) surface [32, 33] containing native oxides occurs in a similar manner 
underneath an organic coating, to investigate the role of IMC during the early stages of blister 
formation and growth on epoxy-coated AA2024-T3, to enhance understanding of the effects 
of pH and chloride content of the external immersion solutions, especially considering that in 
underfilm corrosion occluded solution chemistries are formed, and to learn more about the 
blister growth mechanism. 
 
Blister formation can occur as a consequence of underpaint corrosion by anodic undercutting 
[56, 57, 69, 89], corrosion product wedging [86], cathodic delamination [53, 58, 89], or by 
chemically induced loss of adhesion [93, 474] as well as osmotic effects [88, 90, 105]. In the 
mechanisms of underpaint corrosion processes, generally galvanic coupling between 
heterogeneous sites such as IMC and the matrix is involved. Anodic undermining and / or 
corrosion product wedging are the accepted processes for Al alloy coating delamination [56, 
58]. Delamination and scribe creep on AA2024-T3 are accelerated by IMCs and replated Cu 
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[475]. The blistering and scribe creep corrosion on high purity Al in near neutral or slightly 
acidified environments is often slower than on AA2024-T3 substantiating the role of the 
heterogeneity and the role of replated copper for the cathodic reaction rate [475, 476]. The 
anode and cathode are likely in close proximity under a blistered coating that apparently has 
at least enough mechanical integrity to support some pressurization. Therefore, anything that 
the electrolyte does to damage the coating and allow easier mass transport of cathodic 
reactants, enable ionic current flow or promote loss of adhesion is a detrimental factor that is 
additional to the effect of the electrolyte composition on underpaint corrosion. The influence 
of electrolyte pH on coating deterioration has been discussed in Section 1.3 [85, 121]. 
 
For in-situ monitoring of underfilm corrosion, AA2024-T3 specimens (pretreatment cmp. 
Section 3.2.2) were spin-coated with an epoxy polyamide coating typical for aircraft primers. 
It was prepared by mixing equal weights of Epon Resin 1001-CX-75 with Epi-Cure 3115 
Curing agent X73 (Fatty acid-polyethylenepolyamine based polyamide mixture), and adding 
5% Butylcellosolve. The coating thickness was approximately 10 µm. Before immersion, the 
entire epoxy coated sample was masked off with another coating (XP2000 by Pyramid 
Plastics), except for a 2 x 2 mm exposure window, and cured for another day. This masking 
was done in order to restrict the area where a blister could form, and to thus increase the 
chance of finding it in its initial stage. Electrolytes used were 0.5 M NaCl, 0.5 M NaCl + 
0.0032 M HCl (pH 2.5) and 0.1 M Na2SO4 (pH 3.5 or pH 3.0, adjusted with H2SO4). Stepwise 
scans of the entire surface (referred to as tile scans, at constant z) were performed periodically 
to detect the onset of corrosion. Corrosion then was monitored over time. After the end of the 
experiments, the coating was removed from some samples, the surface treated with 50% nitric 
acid in order to remove corrosion products [477], and the sample imaged with a 50x air 
objective (Epiplan-Neofluar) to examine the final surface morphology.  
 
 
a) b) 
Figure 46. CLSM image of the coating on top of a coating blister [74]: (a) 2D extended depth-of-
focus image (b) 3D representation. 
 
Under the settings used to image the highly reflective alloys surface underneath a transparent 
organic coating it is usually not possible to image the polymer coating directly. However, by 
carefully adjusting the z-range of the microscope to exclude monitoring of the alloy surface 
and brightness and contrast settings of the detector it was possible to image the polymer  
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coating directly. This is shown in Figure 46 for a coating blister formed on an AA2024-T3 
specimen exposed to 0.5 M NaCl for 17 days. The small circular spots in Figure 46a were 
interpreted as some kind of coating defect. The ring structure was an artifact caused by the 
finite size of the pinhole and thus the finite thickness of each section of the specimen 
monitored. 
 
Typical observations preceding the formation of a coating blister during exposure to 0.5 M 
NaCl are described in detail in [76]. OCP measured were in the range of -0.24 V to -0.27 V 
vs. SCE between 7 and 14 days of immersion. Figure 47 shows the same part of the surface 
before and after blister formation. Precorroded surface sites (A, B, and C in Figure 47, 
corroded during surface preparation before coating) showed no changes. After a blister had 
formed and grown to a size of 100 µm in diameter, OCP had decreased to -0.8 V vs. SCE, and 
several intermetallics (marked as 1, 2) were now severely corroded. In addition corrosion pits 
were found at positions where no IMC had been seen before (marked as 3, 4). Pits 3 and 4 
were at least 4 µm deep. Corrosion products inside the pits as well as an IMC remnant (pit 2) 
prevented a more accurate determination of the pit depth. The pits 1-4 did not change during 
during the remaining time of immersion (111 hours). 
 
Figure 47. a) Selected area of epoxy-coated AA2024-T3 after 14 days, 3 h immersion in 0.5 M NaCl. 
The numbers indicate position of intermetallic compounds where pits formed later. A, B, and C 
indicate pits formed during polishing, before the alloy was coated. b) Extended depth-of-focus image 
of the blister grown on the same area after 16 days, 7 h of immersion. 1-4: Large pits formed on alloy 
surface (from [74]). 
 
Corrosion of intermetallic particles also took place during blister growth. This was 
demonstrated for an intermetallic particle, which originally was located outside the blister and 
became part of the blister during its growth (cf. Figure 48). The bright diagonal stripes in 
Figure 48a gave an indication of how far the coating was delaminated from the substrate 
("delamination front", moving from left to right), and where therefore the boundary of the 
blister was. Once the coating over the IMC particle was fully delaminated, corrosion started at 
the outer edge of the particle all along its circumference and expanded into the matrix. It 
appeared that in this stage only the matrix had been attacked, but not the particle itself. With 
time, several corrosion features in the matrix coalesced, and the particle was completely 
dissolved, while new pits formed at nearby locations. There had been no large IMCs at these 
sites, but sometimes indications for very small particles (< 1 µm diameter). Finally, most of 
these sites interconnected, forming one large pit. 
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Figure 48. Progressive corrosion starting at an intermetallic particle which becomes exposed to 
occluded blister solution during blister growth in 0.5 M NaCl [76]. Total period of observation: 98 h. 
 
Besides corrosion of intermetallic particles and pit formation, roughening of the substrate and 
the deposition of corrosion products (including Cu replating) were also reported. The 
roughened area was very close to the delamination front, only 10 µm away at some locations. 
Even very close to the blister edge, where delamination still may have been incomplete, 
corrosion products were found. The blister radius was reported to increase by more than 1 
μm/h in the early stages of blister growth and 0.51 ± 0.04 μm/h in the later stages of blister 
growth. A maximum delamination rate of 2 μm/h was found. The changes in corroded area 
followed the ones in delaminated area closely. With increasing blister size, growth rates 
slowed down. 
 
Blister formation and growth in neutral NaCl involved the corrosion of intermetallic 
compounds in the early stages and during blister growth, the formation of pits in the alloy 
matrix, and substrate roughening within the growing blister due to matrix dissolution and 
corrosion product deposition. The roughened area had a reddish appearance and was very 
close to the delamination front of the growing blister. 
 
At a low pH of ~ 2.5, already after 1 day 23 hours of immersion a small blister of about 17 
µm in length had formed (cf. Figure 49). Within this blister, there was an intermetallic particle 
which was now pitted, but had not been corroded before blister formation. For further growth, 
IMC corrosion was not important, even though some pits were found within the blister. 
Subsequently, the Al matrix started roughening close to the original blister site (Figure 50). In 
parallel delamination became visible. The delaminated area exceeded the corroded area in 
size. The original blister seemed to have ceased growing. Later, close by new spots of matrix 
roughening occurred, causing delamination, leading finally to a rather complex pattern. 
Monitoring of the coating height over the delaminated area showed that these individual 
99 
 
corroding areas led to several blister lobes, which were not fully interconnected. In the end, 
one large elongated blister was obtained. No matrix roughening took place at surface 
positions remote from the blister.  
 
Figure 49. 2D extended depth-of-focus images of epoxy-coated AA2024 exposed to 0.5 M NaCl, 
pH 2.5 before (a) and at early stage of blister formation (b). Arrow: IMC, which corroded upon blister 
formation. Numbers in images: Total Immersion Time (from [76]). 
 
Once formed, the roughened areas expanded rapidly with rates were between 3-4 µm/h. 
Figure 51 shows the area close to the original blister site (arrow) after removal of corrosion 
products. Besides unattacked surface regions near the center and the roughened regions, 
curved bands were visible, in which the material loss was much larger than that of the 
roughened regions, as seen in the 3D topographic representation of the area marked by a 
square. The depth of the band was little more than 1 µm. The amount of material loss in the 
corroded areas, except from some pits, was very small, between a few hundred nm and ~ 1 
µm in depth normal to the plane of the original surface. Clusters of uncorroded Al-Cu-Fe-Mn 
IMCs were found also inside the blister, surrounded by corroded area. The CLSM data taken 
after stripping of the coating and corrosion product removal showed that the IMCs were 
elevated by 800 nm compared to the surrounding corroded area. 
 
CLSM studies were also performed in order to gather further information about the rapid 
coating failure seen in acidic sulfate solutions (cmp. Sections 2.2.1 and 2.2.3). OCP was 
monitored continuously during immersion of an epoxy-coated AA2024-T3 specimen in 0.1 M 
Na2SO4 with pH adjusted to 3.5. The potential soon stabilized at about –0.3 V vs. SCE. At 
early immersion times the first changes were observed at substrate inhomogeneities like IMC 
compounds and IMC sites, which showed some corrosion damage due to the polishing 
procedure. These changes mainly consisted in the formation of rings or irregularly formed 
boundaries at these sites. 
 
A blister was observed after only 17 h of immersion, and was about 2 µm in height. It had 
formed at one of the sites showing substrate roughening. Subsequently, within a very short 
time, blisters started to form over a large area of the sample, much faster than in the acidic 
chloride solution. The coating failure was accompanied by a continuous drop in OCP, finally 
stabilizing at -0.6 V. In wide areas, delamination was followed by further substrate 
roughening. Blister growth rates larger than 5-6 μm/h were found. After coating and corrosion 
product removal, widespread corrosion damage was seen in CLSM. However, the overall 
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depth of the corrosion damage was too shallow to be measured with CLSM (<100 nm 
material loss), was caused after delamination had occurred, and must be considered as regular 
general corrosion of aluminum alloy in an acidic medium. 
 
 
 
Figure 50. Progress of matrix attack close to original blister on epoxy-coated AA2024-T3 exposed to 
0.5 M NaCl, pH 2.5, causing coating delaminations [76]. Numbers in images: Total Immersion Time. 
 
Large-scale coating delamination in acids has been reported in literature, but for much lower 
pH [474]. It was related to hydrogen evolution destroying the bonds between metal surface 
and coating. The apparent diffusion coefficient of sulfate at pH 3.5 is smaller than that of 
chloride at pH 3.0 by a factor of 5, and the ion diffusion coefficients increase with decreasing 
pH [121]. Therefore one expects more acidic conditions and larger ionic concentrations at the 
interface for the chloride solution at pH 2.5 than for the sulfate solution at pH 3.5. Corrosivity 
of the bulk solution alone therefore cannot directly explain the faster coating failure in sulfate 
solutions. Matrix etching was observed on bare AA2024-T3 in a solution of 0.1 M Na2SO4 + 
0.005 M NaCl, adjusted to pH 3.0 [33]. It has been reported in the literature that sulfate 
behaves aggressively towards Cu-bearing IMC in AA2024-T3 [193, 478]. Both effects and a 
detrimental influence of sulfate species on the adhesion of the coating could contribute to the 
failure mode in sulfate solutions.  
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Figure 51. Part of corroded area under blister from Figure 50 after coating and corrosion product 
removal [76]: a) 2D extended depth-of-focus. Arrow: Pit of initial blister site. b) 3D topographic view 
of area marked by rectangle in a). 
 
Coating delamination in acidic sulfate solutions was preceded by a couple of steps occurring 
on a rather fast time scale. The first step seemed to be the localized formation of water 
pockets at intermetallic compound phases and at precorroded sites that may already be 
considered as small blisters. The next step was the local substrate roughening possibly 
stemming from general corrosion of the matrix, similar to the situation in acidic NaCl 
solutions. Corrosion at these local sites was expected to increase the ionic strength, and 
further accelerate the local water uptake, in turn fostering delamination by mechanical 
processes and promote blister growth by both mechanical and electrochemical processes. The 
formation of blisters at sites with little or no visible corrosion and the rapid spreading of 
delamination indicated a widespread loss of adhesion. The observation of the localized 
collection of water and this widespread coating failure were explained by osmotic blistering in 
combination with superficial corrosion of the alloy matrix and loss of adhesive strength 
caused by sulfate species. 
 
The blisters on specimens exposed to neutral or acidic 0.5 M NaCl showed several corrosion 
features similar to those seen in the studies of bare AA2024-T3 [32, 33]: Pit formation at 
intermetallic particles, pit formation in the matrix, and possibly trenching. In addition there 
were particles in the blister that were not attacked at all. Some of those could be identified as 
Al-Cu-Fe-Mn particles, which are not expected to corrode at the potentials typically measured 
in coating blisters. 
 
It has been established that the first steps of blister formation are water uptake and the 
creation of conductive pathways to the substrate [53, 54]. Once corrosive ions reach the 
interface they can initiate corrosion. For AA2024-T3 it was shown that in near-neutral sodium 
sulfate solution which is not very corrosive, no blister formation took place [85]. Therefore 
corrosion appears to be required for blister formation. For a heterogeneous alloy like 
AA2024-T3, the susceptibility to corrosion is very different across the surface. Al-Cu-Mg 
particles are much more prone to corrosion than the matrix, and there are many of these 
particles on the alloy surface [22, 23]. Therefore it was reasonable to expect that for exposure 
to neutral bulk solutions, blister formation is preferentially related to Al-Cu-Mg corrosion. 
The in-situ CLSM data showing IMC corrosion during the early stages of blister formation in 
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NaCl supported this assumption. The actual blister initiation was not seen in [76]. Therefore it 
could not be ruled out that IMC corrosion happened just after blister formation. Another point 
considered was the location of the cathodic reaction, which is not supported very well by the 
oxide on the alloy matrix [25, 56, 58, 114, 115]. Therefore the presence of a cathodic IMC 
particle might also be favorable for blister initiation from the galvanic cell perspective. 
 
Even upon exposure to near-neutral NaCl solutions, the solution occluded in the blister was 
high in chloride content and low in pH. IMC corrosion continued to be important during 
blister growth in near-neutral bulk solution (Figure 48). Once the particles newly incorporated 
into the blister were completely exposed to the aggressive electrolyte, they corroded. The 
formation of large, stable pits underneath coatings was explained by particle clusters -similar 
to findings for bare AA2024-T3 [23] - that influenced the further growth of the blister, 
especially with respect to growth direction and symmetry. On the other hand, evidence was 
also presented in [76] that a lack of corrodible IMC can contribute to the death of the blister. 
Therefore, either sufficiently aggressive environmental conditions (local pH and/or local  
c(Cl-)) and/or easily corrodible IMC were considered necessary for a blister to keep growing. 
 
In NaCl adjusted to pH 2.5, neither IMC corrosion nor the distribution of IMC particles was 
important to the spreading of coating delamination. These conditions were so aggressive that 
general corrosion controlled blister growth. In 0.1 M Na2SO4 + 0.005 M NaCl, adjusted to pH 
3.5, there was no proof that delamination was connected to IMC corrosion at all. However, 
IMC sites were preferential sites for initial coating delamination and therefore are at least 
indirectly involved in blister formation.  
 
Besides IMC corrosion, the general attack of the matrix even for near-neutral bulk solutions 
was emphasized. The general attack was not due only to low pH and high chloride 
concentration under these immersion conditions, but also to Cu replating. Replated Cu allows 
cathodic reactions to occur more rapidly [114, 475], and thus fosters widespread corrosion of 
the underlying alloy. This conclusion was in agreement with observations from blister autopsy 
showing that the corrosion damage is usually most severe under the regions of Cu replating 
[85]. 
 
In acidic NaCl solutions the mechanism of blister growth was controlled mainly by matrix 
attack with removal of about 1 μm of alloy within one week of corrosion. The strange patterns 
of matrix attack shown in Figure 50 were explained by the formation of the original blister 
weakening the coating in its proximity, and the acidic bulk solution attacking the coating from 
above. Rapidly spreading matrix attack and coating delamination can take place once low pH 
solution reaches the alloy/coating interface. The mechanism by which the weakening of the 
coating happened on a site specific basis was not clear. The formation of these sites did not 
require the presence of IMC, at least none that were larger than 1 μm in diameter (and 
therefore easily visible in CLSM). Therefore, enhanced oxygen reduction reaction at cathodic 
IMC in these areas weakening the coating was ruled out. Weakening was rather explained by 
stresses in the coating or chemically weakened adhesion. The formation of relatively deep and 
narrow canyons on the sample was related to a local slowing of delamination, and the 
development of a situation similar to crevice corrosion. 
 
In NaCl solutions there was strong evidence that anodic undermining and / or corrosion 
product wedging drove the delamination reaction: The deposition of corrosion products close 
to the delamination front, the tracking of delaminated area and blistered area, and the close 
correlation between onset of corrosion reaction and visible delamination. Anodic undermining 
is well established as a mechanism in the case of filiform corrosion of Al-base materials [56, 
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58], and results published in [76] provided direct experimental evidence in the case of 
blistering on AA2024-T3. 
 
The question why rapid adhesion loss was favored in acidic sulfate solutions as opposed to 
acidic chloride solutions was not fully explained. Some considerations related to differences 
in Cu replating in chloride and sulfate environment were made. It was considered that 
chloride increases the exchange current density for Cu deposition strongly, probably due to 
Cl-bridges changing the mechanism from outer to inner electron transfer or by providing an 
alternative reaction path involving CuCl [358, 375]. At high overpotentials typical for 
corrosion potentials of AA2024-T3, mass transport controlled deposition and therefore 
dendritic or powdery deposits are expected [203, 374, 375, 479]. However, Obispo et al. also 
stated that in acidic solutions, deposits are less dendritic and loosely structured, but more 
nodular, and that copper films grown from sulfate solutions on aluminum films look identical 
[479]. Some preliminary experiments on Cu electrodeposition on AA2024-T3 by Schneider 
showed more compact deposits in sulfate solutions as long as the overpotential was not too 
large. At electrode potentials of –0.65 V vs. SCE dendritic deposition was observed for sulfate 
as well. The intermediate increase in OCP was indicative of an increase in cathodic area [56], 
which may be caused by coating delamination at cathodic IMC or on replated copper. In fact 
it was reported elsewhere [121], that the interfacial resistance of a coated AA2024-T3 sample 
in 0.1 M Na2SO4 at pH 3.5 decreased strongly while the potential was still increasing, 
indicating a loss of adhesion. Further studies are therefore required. 
 
The time required for a blister to form decreased in the order 0.5 M NaCl (pH ~ 6.5)> 0.5 M 
NaCl (pH ~ 2.5) > 0.1 M Na2SO4 (pH ≤ 3.5), and growth rates increased in the same order. 
These data were in agreement with observations from electrochemical impedance 
spectroscopy (Figure 9). For neutral Cl- a long series of events must take place to get 
blistering and blister growth starting with water ingress and local corrosion which eventually 
causes enough wedging and anodic undercutting. For the purely chloride based-electrolytes, 
the increase in corrosion rate with decreasing pH was directly related to the decomposition of 
the polymer by the interaction with the acid, and by the instability of the passive oxide in low 
pH solution detrimentally affecting the adhesion, and was also connected to a change in 
corrosion mechanism. In acidic sulfate solution, there seemed to be a rapid ingress of solution 
at many spots in the coating at the same time, and a massive loss in adhesion. 
 
3.3. Further microscopy techniques 
Recently, fluorescent probes have been introduced in biological sciences in order to measure 
pH and ion concentrations / gradients in living cells by confocal microscopy. Such fluorescent 
dyes can also be incorporated in organic coatings in order to study the local change in pH 
underneath the coating during corrosion, to gain information on the uptake of protons (or 
hydroxide) by the coating, and on the formation of ionically conductive channels. Fluorescent 
molecules have been applied to study local reactivity at electrodes and pH changes during 
corrosion of bare aluminum [480-483], as already discussed above. The water interaction with 
an epoxy coating has been studied using fluorescence without addition of a dye [484]. There 
are only few studies where fluorescent dyes have been applied to a metal or alloy surface 
before/after coating application or have been directly incorporated into the coating [485-488]. 
One study deals with pH changes during underfilm corrosion of aluminum alloys [487], 
others monitor metal cations released during underfilm corrosion [486, 488], and another one 
the entry of chloride ions into the coating [485]. 
 
Results from the NSOM technique have been included in the discussion above. In NSOM, 
laser light is transferred to a sample point via an optical fibre [454, 489]. Because the 
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diameter of the optical fibre can be made much smaller than the optical wavelength, the 
technique beats the diffraction limit of conventional optical microscopy techniques including 
CLSM. Instead of scanning the laser beam across the surface, the probe is scanned in x,y-
direction. Combination with a shear force feedback with a tuning fork control permits to 
position the probe as close as 10 nm above the sample, and provides the z-information. 
Lateral optical resolutions of 60 nm have been reported with this technique, and 5-10 nm 
appear feasible [489]. The method can also be combined with fluorescence microscopy, 
SECM and other techniques. 
 
The formation of chromate conversion coatings (CCC), which is still the surface pretreatment 
technique providing best corrosion protection for aluminum alloys in aerospace applications, 
and the mechanism of corrosion protection by these coatings has been one example, where a 
number of different techniques applied in addition to electrochemical studies has been 
successfully applied to provide mechanistic understanding [43, 114, 115, 117, 118, 490-501]. 
A CCC coating bath consists mainly of dichromate, Fe(CN)63-, and fluoride ions at pH 1-2 
[115]. The hydrofluoric acid removes oxide layers from the Al alloy and Fe(CN)63- serves as a 
catalyst for the reduction of Cr(VI) by Al. The CCC coating consists of a Cr(III) 
oxide/hydroxide film with covalently bound chromate(VI) groups attached to. Cr(VI) can 
desorb, and in case of surface damage and pit formation be relased and repair the damage. 
Techniques applied for mechanistic studies included surface analytical methods like SIMS, 
XANES, EXAFS [117, 118], infrared and Raman spectroscopies [491, 492, 501], UV-VIS 
spectroscopy [496], chemical mapping by EDX, CLSM [117] and also Raman microscopy 
[492, 493, 501]. The latter technique permitted monitoring of the reaction products in a pit 
after interaction with Cr(VI) released from the CCC coating. The strength of Raman 
microscopy is to provide actual information about chemical bonds in-situ, whereas other 
techniques are operated ex-situ or provide only information about elemental compositions. 
This allowed to observe the reduction of Cr(VI) in corrosion pit and the formation of mixed 
oxides [498, 501].  
 
3.4. Local electrochemical properties 
Besides the monitoring of three-dimensional topographic and chemical changes, and the 
measurement and mapping of local electrochemical properties with microcapillary-based 
techniques, there are some further approaches for local monitoring of electrochemical 
properties of heterogeneous surfaces. Out of these three will be presented here very briefly, 
because they are of great importance for corrosion studies on heterogeneous and especially 
coated Al alloys: the scanning vibrating electrode technique, local electrochemical impedance 
spectroscopy and the scanning Kelvin probe. These methods permit to map local current 
distributions and thus reactivities, local impedance and local corrosion potential. Another 
relevant technique is scanning electrochemical microscopy, where typically a disc type UME 
is scanned at close distance above the substrate surface. Potential of UME and of the substrate 
are controlled independently using a bipotentiostat, and the solution contains an electroactive 
species that can be reduced or oxidized at the UME tip, and provides the actual imaging 
signal. Over insulating surfaces depletion of electroactive species will take place, whereas 
over conducting surfaces a feedback mechanism can be established by regenerating the 
species consumed at the tip. On the other hand the tip can also serve as a collector to detect 
species generated at the substrate, or be used for surface patterning [502, 503]. Further details 
can be found in the books by Bard and co-authors [5, 504]. Applications in corrosion science 
have been reviewed in [505, 506]. The method was also applied to study the electrochemical 
reactivity at Al alloy surfaces [507-509]. 
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3.4.1. Scanning vibrating electrode technique (SVET) 
It has been shown that in corrosion cathodic and anodic reactions are taking place at the same 
time on one electrode. In the absence of an externally imposed potential the total current 
averaged over the entire sample is zero. However, the local current varies in magnitude and 
sign depending on the composition of the specimen studied, the immersion conditions, the 
atmosphere, and so on. Especially in the case of corrosion of heterogeneous alloys, with any 
metal combination where galvanic coupling occurs, and in underpaint corrosion there will be 
distinct local anodic and cathodic sites. This galvanic coupling includes electron flow through 
the substrate from the anode to the cathode. The circuit is closed by ionic currents flowing 
through the electrolyte between anodic and cathodic sites, leading to hemispherical 
equipotential surfaces in the electrolyte [58]. The scanning vibrating electrode technique 
provides a convenient method to measure these local ionic currents and thereby to identify 
local anodes and cathodes. It is a modification of the scanning reference electrode technique 
(SRET): In SRET a 5 electrode setup is used: the specimen (WE), a regular counter and 
reference electrode, and a local probe consisting of two parallel wires vertically discplaced 
from each other (i.e. the tip of one wire is at a distance z1 above the surface and the other one 
at a distance z2) [58]. If at the probe position a local ionic current exists, a potential difference 
caused by the ohmic potential drop in the electrolyte will be measured between the probes. 
This potential difference can be analyzed in sign and magnitude, using the known electrolyte 
resistance, to determine direction and magnitude of the local currents. In SVET, the two wire 
probe is replaced by a single microelectrode tip vibrating in direction normal to the surface, 
and from the probe potential variation with time (and thus distance from the surface) local 
currents can be determined. SVET provides a better lateral resolution compared to SRET, 
probe preparation is more reproducible, and current sensitivity is better [58]. Scanning of the 
probe in x,y-direction then permits to map the current distribution. In the case of underfilm 
corrosion local ionic current flow can take place underneath the coating. As long as the 
current lines are not penetrating the coating and enter the solution, SVET will not give a 
realistic picture of the local anodic and cathodic processes. The general difficulty to monitor 
corrosion activity under highly resistive coatings has been emphasized [58]. Typically SVET 
measurements are calibrated in electrolyte using a point type current source with controlled 
current [58]. One of the general advantages of the method is also that it is considered as non 
perturbing. However, McMurray et al. showed that vibration amplitudes > 25 µm can cause 
jet formation and local thinning of the diffusion layer, thus increasing currents due to 
diffusion limited oxygen reduction and introducing artifacts in the measurements [510].  
 
A typical example for SVET measurements on coating blisters on Al alloys from a 
proceedings paper by Williams, Schneider and Kelly [112] is given in Figure 52. Optical 
microscopy images of two blisters are displayed together with the corresponding color-coded 
SVET maps. Deposits in the blister are connected to cathodic activity. 
 
A recent very short review on SVET even more focused of LEIS has been given by Rossi et 
al. [511]. For their equipment they specify the ability to detect local current events down to 5 
µA cm-2. The fundamentals of SVET and SRET were also summarized by Grundmeier et al. 
[58]. Applications like pitting corrosion of Al, coating delamination and detection of defects 
in welds were summarized in [63]. He et al. applied SVET to study corrosion behaviour of 
chromate-epoxy-coated steel and AA2024-T3 after scribing [64]. On bare specimen they 
found one or several regions of anodic activity with currents between 100 and 200 µA cm-2. 
For AA2024-T3 dynamic behaviour and appearance and disappearance of anodic sites was 
observed. With plain epoxy coating anodic and cathodic reactions were confined to the defect. 
For chromated coatings, cathodic reactions were found to take place homogeneously across 
the coating for steel, and chromate seemed not to induce repassivation in the scribe. 
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Subsequently the authors performed similar studies on conducting polymer coated steel and 
AA2024 [65, 512]. Worsley et al. studied cut edge corrosion of organically coated hot dip Zn 
galvanized steel using SVET [66]. They found that coatings of different thickness on both 
sides create a differential aeration cell, with the thick coated side being the anode and the thin 
one the cathode. Some cathodic activity was spread across the panel surface. Connection to an 
external cathode converted both Zn layers into anodes. Ogle et al. studied the mechanism of 
self-healing of galvanized steel and found cathodic inhibition by precipitation of Zn-based 
corrosion products on cathodic sites [513]. Williams and McMurray applied SVET to the 
study of localized corrosion of 99.9% Mg, where they found that film free cathodic areas 
evolving hydrogen controlled corrosion rate, and were galvanically coupled with the intact 
Mg surface [514]. N. Murer et al. performed SVET studies on bimetallic galvanic couples of 
Al and Al4%Cu in phosphate buffer after activation by a droplet of HF [515]. The aim of their 
studies was to compare experimental data with numerical finite element simulations as a 
preliminary work for modelling coupling in real heterogeneous Al alloys. However SVET and 
microcapillary data turned out to be insufficient to provide unequivocal input parameters for 
numerical modelling. 
 
 
 
Figure 52. Coating blisters on AA1100-H14 and corresponding SVET maps [112]. Reddish colors 
indicate cathodic activity, whereas bluish indicates anodic activity. 
 
3.4.2. LEIS and LEIM 
Local Electrochemical Impedance Spectroscopy and local electrochemical impedance 
mapping are based on the techniques already known from SRET and SVET. The method was 
introduced first by Lillard et al. using the bielectrode (SRET) approach and tested with Al and 
Al/Mo model electrodes [325]. A sinusoidal alternating voltage is applied globally between 
the substrate and reference electrode using a global counter electrode, and the alternating 
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current is measured locally using local current probe. From the ratio of local current / global 
ac voltage the local impedance can be calculated. Variation of frequency permits measuring 
local impedance spectra whereas scanning of a larger area at a fixed frequency permits 
impedance mapping. Bayet at al. adapted the more reproducible SVET for LEIS 
measurements [322, 516]. The same authors later performed a study on the reliability of such 
measurements combining experiments and numerical simulation and concluded that reliable 
local impedance data require both current and potential to be measured on a local scale [323]. 
Otherwise severe artifacts were possible. Zou and Thierry applied the technique to epoxy-
coated carbon steel contaminated with NaCl before coating [306]. Blister formation could be 
localized by LEIS by the change in coating capacitance registered. Increased activity due to 
coating rupture was clearly visible. Wittmann et al. used coatings on steel and AA5182 with 
intentionally induced defects in order to test the capability of LEIS/LEIM for detection of 
coating defects [324]. They were able to visualize defects as different as spots where machine 
oil had been absorbed in the coating, pinholes, gas bubbles, and scribes. Mierisch and Taylor 
applied LEIS and LEIM to organically coated AA2024-T3 specimens in NaCl solutions [68]. 
They performed LEIM scans at a frequency of 700 Hz, and plotted the admittance as function 
of position. In the early stage of underfilm corrosion, prior to blister formation, they observed 
a local depression in the admittance plot at the future blister site, and suggested water 
nucleation or oxide film thickening as possible origin. Later the blister revealed itself as an 
admittance peak that however showed fluctuations in size, changes in width, and trenches at 
the outer rim. Size fluctuations were explained by changes in the electrochemical activity 
within the blisters. Subsequently numerical simulations and test measurements with gold disc 
microelectrodes were performed in order to explore the resolution limits of the system used 
and to identify possible sources of artifacts. It was concluded that the observed depression in 
admittance was real, whereas the trenches at the rim could be artifacts [119]. Philippe et al. 
used a local microreference electrode for LEIS measurements on coated galvanized steel with 
a 250 µm laser ablated hole in the coating [69]. They recorded local spectra above defect and 
intact coating and compared it to global measurements. Impedance mapping clearly revealed 
the coating defect and underfilm corrosion spreading from it. From the data the behaviour of 
defect and intact coating could be separated, similar to the findings by Schneider and Kelly 
[72]. In further work, LEIS was applied to corrosion of e.g. Mg alloys and to different organic 
coatings [517, 518]. 
 
3.4.3. Scanning Kelvin Probe 
The Kelvin probe was introduced to corrosion science by Stratmann for the measurement of 
corrosion potentials [59, 519-521], and converted into a local probe [103]. The scanning 
Kelvin probe (SKP) consists of a metallic microprobe serving as a type of reference electrode. 
The probe is arranged above the surface of interest outside the electrolyte (i.e. separated by 
air), and electronically connected to the WE substrate by a wire. This assures equality of the 
electrochemical potential of the electrons both in the WE substrate and in the reference 
electrode. Therefore the WE will be charged with respect to the Kelvin probe, and a Volta 
potential difference develops between the surface of the electrolyte covered WE and the 
probe. A vertical sinusoidal oscillation of the probe causes a variation of the capacitance 
between the two electrodes, and therefore induces current flow. Introduction of an external 
voltage source in the external circuit can be used to decrease the current to zero, and then the 
applied external voltage is equal to the Volta potential difference. It was shown that this Volta 
potential difference representing the work function of the electrolyte covered WE is under 
certain conditions proportional to the corrosion potential. Therefore the technique permits to 
measure local corrosion potentials. The lateral resolution of the original technique is around 
100 µm [40]. This method has not only been applied to study atmospheric corrosion, but its 
real strength arose from its capability in corrosion studies of coated metals: Here the potential 
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at the buried polymer/metal interface can be measured, and the progress of delamination 
processes can be studied [58, 60-62, 71, 73, 103, 107, 522]. Detailed studies on the 
delamination of polymeric coatings on steel and electrogalvanized steel were published in 
literature, where delamination was started at a defect (coating-free area exposed to 
electrolyte), and change in Volta-potential with time, position and external atmosphere 
permitted to draw conclusions about cation migration underneath the coating and the 
mechanism of coating deterioration at the interface metal/polymer [60-62, 71, 108]. It also 
was applied to filiform corrosion [107, 523, 524]. An increased lateral resolution (~ 100 nm) 
can be obtained by using a metal coated AFM tip as Kelvin probe. This variant has been 
named Scanning Kelvin Probe Force Microscopy (SKPFM) [28, 40] and permitted 
monitoring of the relative nobility of intermetallic phases in aluminum alloys and studies on 
the role of the IMC on their localized corrosion behaviour [28, 40, 295, 525-527].  
 
4. Synopsis 
In this review methods have been presented capable of elucidating the manifold and complex 
processes taking place during electrochemical processes in materials science. Two different 
fields were selected, the corrosion of aluminum alloys and sonoelectrochemical processes 
with an emphasis on metal deposition. In addition, some studies on conducting polymers were 
presented in order to further demonstrate the benefits of the electrochemical quartz crystal 
microbalance technique.  
 
In aluminum alloys a complex microstructure causes a strong heterogeneity in the 
electrochemical properties. The oxygen reduction reaction takes place preferentially on 
certain intermetallic compound like Al2Cu or Al-Cu-Fe-Mn compounds. Other intermetallic 
compounds are prone to dealloying corrosion, and dissolve at the open circuit potential of the 
alloy at high rates. The galvanic coupling of the noble phases with the Al matrix introduce 
corrosion like the so-called trenching, which has been shown to be in fact circumferential 
pitting. The dealloying of e.g. Al-Cu-Mg leaves porous Cu remnants which themselves may 
act thereafter as local cathodes – evidence for this was given in the work of Büchler. Both 
matrix corrosion and Al-Cu-Mg dealloying can contribute to a surface enrichment by copper, 
in one case by surface clustering, in the other case by Cu replating, and therefore alter the 
surface composition of the alloy. This has been shown in this work to be especially 
detrimental in the case of underfilm corrosion, where massive Cu replating accelerate general 
corrosion of the underlying alloy. Corrosion of the bare alloy will release ions into the 
neighboring solution and in the trenches and pits formed on the surface. Within pits and 
crevices, and to a lesser extent above a corroding Al alloy surface, Al ions and complexes will 
be released into the solution, decreasing pH. Above the cathodic phases, pH will increase. The 
limited pH range where the protective oxide on Al is stable then can contribute to acceleration 
of the reactions. Clusters of cathodic particles can carry sufficient cathodic current to stabilize 
pits growth nearby and to induce stable pitting. Therefore, the anodic and cathodic reactions 
at a heterogeneous Al alloy surface 
 are connected to the microstructure and especially the composition, number density, and 
distribution of intermetallic compound phases in the alloy surfaces; 
 are strongly time dependent due to alteration of surface composition and morphology; 
 induce chemical changes in the electrolyte phase influencing corrosion propagation as 
well. 
 
The information content of standard electrochemical characterization techniques, even if 
combined with post-dead SEM and surface characterization, is insufficient for quantitative 
understanding of these processes. Three different approaches for solving this problem were 
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presented in this review, based on examples of the author’s own work and on the work of 
others: 
 The first approach is the use of model compounds: This includes on the one hand model 
alloys mimicking the composition of individual phases in the true alloy. Then standard 
electrochemical techniques can be applied to these compounds in order to understand their 
corrosion behavior including their capability to support cathodic reactions in different 
environments, their corrosion rate at the open circuit potential, and their pitting potentials. 
On the other hand photolithographic techniques can be applied for manufacturing of 
arrays of islands of such model compounds embedded in an Al or Al-Cu matrix. 
Thereafter, the corrosion evolution at such a model array can be studied with different 
techniques and in different environments. These arrays lack the microstructural 
complexity of the true alloys. This facilitates assignment of processes like trench 
formation or Cu replating to the presence of special phases or to specific electrochemical 
reactions. In addition the spacing and size and therefore also the areal density of the 
intermetallic particles can be varied at will, and the influence on galvanic coupling, pH 
evolution, corrosion intiation and propagation rates be studied. 
 The second approach is the use of microelectrochemical methods, especially 
microcapillaries, or masking techniques, which however are less versatile. These allow to 
study the electrochemical behavior of selected small regions with a limited number of 
intermetallic compounds. If the composition of these compounds is known, the relative 
importance of the compounds for the corrosion processes can be studied, and the 
dependence of breakdown processes on the areal density of these compounds. In addition 
the behavior of the true matrix can be properly studied. The advantage of this method is 
that the real alloy is studied, avoiding artifacts possible in the model alloy approach by 
deviations in composition of model compounds and real phases, and by the different 
microstructure in the commercial alloy. One disadvantage is that only large particles can 
be studied without obtaining a contribution from the alloy matrix as well. Other 
disadvantages are the partial immersion altering the open circuit potential, the neglect of 
possible contributions from particles further away, and the alteration of the thickness of 
the diffusion boundary layer in comparison to full immersion. 
 The third approach lies in the combination of classical electrochemical techniques with in-
situ microscopic observation of the processes on the alloy. This comprises in situ 
microscopy studies like the CLSM studies discussed in detail, like NSOM and AFM 
studies. In addition some local electrochemical mapping techniques have also proved 
useful: SKPFM allowed characterizing the relative nobility of particles before immersion. 
SECM, SVET and LEIM may be used to learn about electrochemical reactivity at the IMC 
phases. However, in these methods it is mandatory that equipment with sufficient lateral 
resolution is used. 
 
These approaches can be complemented by further in-situ methods like the electrochemical 
quartz crystal microbalance technique providing information about mass changes, but also 
indicating surface roughening (difficult with real alloys, even though approaches in literature 
have been presented where a thin layer of commercial steel was glued onto the quartz), 
methods to measure the local pH, and in-situ spectroscopy like Raman spectroscopy to learn 
more about corrosion product formation. Finally ex-situ analysis of corrosion products by 
surface analytical techniques and of corrosion morphology by metallographic techniques is 
possible. 
 
The situation further complicates in the case of organic coatings. Here especially local 
electrochemical techniques like the measurement of local properties with microcapillaries 
after full immersion for a given time, LEIS and SVET are beneficial, and of course the 
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scanning Kelvin probe. Further spectroscopy and spectroscopic microscopy can help to 
monitor chemical changes in the coating and at the interface to the substrate. Especially the 
addition of fluorescent markers sensitive to pH, chloride concentration and metal ions created 
during alloy corrosion into the coating can be very useful. Then it is possible to perform 
CLSM studied in the fluorescent mode in parallel to topographic CLSM, and to learn more 
about the evolution of ionic channels and in general defects in organic coatings. Studies on 
coated model alloys also could be helpful to come to a more quantitative understanding of the 
processes of coating failure. 
 
Besides the general benefit of improved knowledge and the capability to transfer methods to 
other areas of materials and corrosion science, there are two main ultimate goals of such 
studies: To find new and better ways to mitigate or stop the corrosion processes, and to have 
enough information and understanding of the mechanism to perform predictive numerical 
modeling of corrosion processes in commercial alloys. The latter aspects had been one of the 
issues of the so-called Yucca Mountain project, where the (unsolved) challenge was to predict 
the corrosion behavior of nuclear waste containers over a timescale of > 10000 years. 
 
Sonoelectrochemisty introduces new possibilities and challenges in the field of 
electrochemical materials synthesis. Processes are influenced mainly by two factors: a 
dramatically increased effective mass transport rate, and cavitation processes at the surface. 
Difficulties stem from the influence of the experimental setup, especially the cell geometry 
and the arrangement of ultrasound source and electrode on the acoustic field and therefore the 
hydrodynamics developing in the cell and at the electrode. This will also influence the extent 
of cavitation at the electrode surface, the local microstreaming and local mass transport rates 
at the surface, which in turn may impact nucleation processes. In addition radical formation 
and local temperature changes might contribute as well to the electrochemical reactions. 
Another added complication lies in the dependence of cavitation processes on the electrolyte 
composition, on the presence of inert gas and especially on the concentration of surfactants. 
This introduces a large variability in the experiments. Results shown from the author’s work 
mainly dealt with characterization of the electrochemical processes taking place in the 
presence of ultrasound and the application of the technique for production of composite 
materials. For this, the EQCM technique once more was beneficial. In future work also the 
acoustic field and the cavitation events have to be characterized. Methods to do that published 
in the literature have been reviewed in this work as well. Once more, microelectrochemical 
techniques have been proven useful for the characterization of the sound field of an ultrasonic 
horn. On the other hand, sonoluminescence, chemiluminescence and high speed photography 
of cavitation processes can be applied, as well as particle image velocimetry in order to 
measure actual streaming rates. In the end, computer simulation of the hydrodynamic 
processes will be required. This is just the prelude to the next big step in 
sonoelectrochemistry: the upscaling of the process to permit industrial application. As 
explained in Section 1.4 ultrasound is beneficial for electrochemical deposition. However, 
ultrasound is not applied on a large scale in electroplating industry, where three-dimensional 
objects like screws and nuts, or also very large panels have to be coated homogeneously. 
There are three main reasons for this:  
 The introduction of ultrasound modifies deposition processes in a way that the 
complicated bath chemistry optimized for conventional electroplating does no longer 
work, re-introducing therefore once more edge effects and deteriorating actual deposit 
quality. 
 It is very difficult to establish a rather uniform sound field on a large scale when 
heterogeneous processes like electroplating have to be performed. How does one 
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introduce sound in a drum filled with screw nuts? How does one assure a uniform sound 
field over a panel area of several square meter. 
 Introduction of ultrasound at first sight will increase the energy consumption of the plant. 
Only if this energy is saved elsewhere thanks to the sono-process, and the overall costs of 
the production line decrease, ultrasound will become an option for electroplating industry. 
 
Large scale sonoelectrochemistry therefore will require more than a process working in the 
laboratory. The entire process chain has to be altered and optimized. This will only happen 
with time and requires further process development. Possibly a good starting point will be a 
rather new technology: the electroplating of non noble metals and semiconductors from ionic 
liquids. Ionic liquids show increased viscosity and decreased diffusivity compared to aqueous 
solvents. The application of ultrasound in these media therefore is considered as highly 
beneficial [168, 528]. Since it is a new technology, market introduction will require anyway 
new infrastructure, facilitating the implementation of ultrasonic processing at the same time. 
Other possibilities are in applications like mass production of nanoparticles, where the 
ultrasound generator acts as electrode at the same time, and flow reactors can be imagined. 
However, for these applications the problem of sonotrode erosion has to be solved first.   
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